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Summary 
Overheating is a critical factor in the functionality of many high power density 
electronic devices (microprocessors, telecommunications, solar cells, wind power, 
photovoltaic, electric traction systems, thermoelectric devices, etc.). The reliability, 
lifetime and efficiency of these devices are severely limited by the speed at which the 
heat generated during their operation is dissipated. 
The electronic world nowadays evolves towards smaller devices and components with 
greater operating capacity and consequently with greater generation of heat (density of 
heat flow). This increase in heat flow together with the component miniaturization 
result in a cooling needs increase and therefore the power consumption associated 
therewith. As an illustrative example of the weight of refrigeration's power consumption 
on total power consumption, the study by EMERSON network power is shown, figure 
1. 
 
The study shows that 38% of the total power consumption of a 450 m2 data centre is due 
to the cooling system. It seems obvious the need to improve cooling systems efficiency 
and / or reduce data centre power consumption, cascade effect. Effect due to which, a 
1W power consumption reduction of a server leads to a 2.84W reduction of the data 
centre, figure 2. 
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However, reducing the component's consumption by 1W means reducing its operating 
temperature, ie increasing its refrigeration. 
As for the Peltier thermoelectric devices, the fact of having an efficient heat extraction 
from both hot and cold sides directly influences the efficiency of the Peltier (cooling 
capacity or energy conversion capacity), figure 3. 
    
Figure 3: Evolution of the cooling capacity and efficiency as a function of the temperature rise 
As the temperature difference between the hot and cold side of the Peltier increases, 
"ΔT", the maximum cooling capacity "QLmax" decreases and so does its COP 
(Coefficient of operation) "COPmax". This temperature rise "ΔT" is greater as greater 
the thermal resistance or efficiency of the heat extraction device placed on both sides of 
the Peltier (discussed in this thesis) is. It is therefore essential to improve the efficiency 
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of these cooling systems (heatsinks) in order to obtain the maximum of Peltier systems 
(either as a refrigerator or as a converter). 
The above examples and many others in industrial refrigeration highlight the 
importance of efficient refrigeration technologies. However, as far as the world of 
electronics is concerned, there is a fundamental aspect when looking for efficiency in 
refrigeration and it is the high heat densities that occur in it. These high heat densities 
mean that traditional cooling systems (fin radiators) are not efficient. In this work, a 
rapid analysis of the influence of the radiator parameters on its thermal resistance is 
made. 
The increase in the efficiency of refrigeration happens to extract more heat under the 
same temperature jump without that implies devices of great volume (not admitted in 
the electronic world). High heat extraction technologies with similar or slightly higher 
sizes than those of heat sources (electronic component, Peltier) are sought. In addition, 
they must ensure the minimum temperature difference between the hot spot (heat 
extraction) and the cold point (heat expulsion), devices such as the heat pipe "LHP". 
This work focuses on this type of device: performance, key parts and their 
improvement. 
For this, a numerical model able to predict the LHP operation as a function of 
constructive parameters and dissipation needs has been developed. Likewise, the 
construction and testing of such a device have been carried out for the cooling of a 
4cmx4cm surface device generating about 50W heat power. 
Also, an analysis of the primary and secondary wick’s behaviour and the importance of 
obtaining a very high capillary pumping is made. There are different technologies for 
the manufacture of these wicks, although the 3D Printing "SLM" technology has been 
used. This technology allows to create wicks with a customized internal structure and 
adapted to the thermal requirements, innovative part of the work. 
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Resumen. 
El sobrecalentamiento es un factor crítico en la funcionalidad de muchos dispositivos 
electrónicos de alta densidad de potencia (microprocesadores, telecomunicaciones, 
celdas solares, inversores eólicos, fotovoltáica, sistemas de tracción eléctrica, 
dispositivos termoeléctricos, etc…). La fiabilidad, vida útil y eficiencia de estos 
dispositivos están fuertemente limitadas por la velocidad a la que es disipado el calor 
que generan durante su funcionamiento.  
El mundo electrónico hoy día evoluciona hacia dispositivos, componentes, más 
pequeños con mayor capacidad de operación y en consecuencia con mayor generación 
de calor (densidad de flujo de calor). Este incremento de flujo de calor unido a lo 
reducido del tamaño de los focos generadores hace que se incrementen las necesidades 
de refrigeración y por tanto los consumos ligados a ello. A modo de ejemplo ilustrativo 
del peso que la refrigeración tiene sobre el consumo total de operación, se muestra el 
estudio realizado por la empresa EMERSON network power, figura 1. 
 
Del estudio realizado se comprueba que el 38% del consumo total de un centro de 
cálculo de 450 m2, es debido al sistema de refrigeración. Parece evidente la necesidad 
de mejorar la eficiencia en los sistemas de refrigeración y/o reducir los consumos del 
data center, efecto cascada. Efecto debido al cual, la reducción en 1W del consumo de 
un componente del servidor conduce a una reducción 2.84W en el consumo del centro 
de cálculo, figura 2. 
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Ahora bien, reducir 1W el consumo de un componente pasa por reducir su temperatura 
de operación, es decir, incrementar su refrigeración. 
En cuanto a los dispositivos termoeléctricos-Peltier el hecho de contar con una 
extracción de calor eficiente de sus focos tanto caliente como frío influye directamente 
en la eficiencia del Peltier (capacidad de refrigeración o de conversión de energía), 
figura3  
    
Figura 3: evolución de la capacidad frigorífica y eficiencia en función del salto de temperatura 
A medida que la diferencia de temperatura entre lado caliente y frío del Peltier, “ΔT” 
aumenta, la capacidad máxima de refrigeración "QLmax" disminuye y lo mismo ocurre 
con su COP (coeficiente de operación) “COPmax”. Este salto de temperatura “ΔT”, es 
mayor cuanto mayor la resistencia térmica o eficiencia del dispositivo de extracción de 
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calor colocado en ambas caras del Peltier (se analiza en esa tesis). Por consiguiente, es 
fundamental el mejorar la eficiencia de estos sistemas de refrigeración (disipadores) a 
fin de obtener el máximo de los sistemas Peltier (bien como refrigerador bien como 
conversor). 
Los ejemplos anteriores y otros muchos dentro de la refrigeración industrial resaltan la 
importancia de contar con tecnologías de refrigeración eficientes. Sin embargo, en lo 
que al mundo de la electrónica, Pelteir se refiere, existe un aspecto fundamental a la 
hora de buscar la eficiencia en la refrigeración y es las elevadas densidades de calor que 
en él se producen. Estas altas densidades de calor obligan a que los sistemas 
tradicionales de refrigeración (radiadores de aletas) no sean lo todo eficientes que 
pueden ser. En este trabajo se hace un rápido análisis de la influencia de la 
configuración-diseño de un radiador sobre su resistencia térmica.  
El incremento en la eficiencia de refrigeración pasa por extraer de forma eficiente las 
elevadas densidades de calor sin que ello implique dispositivos de gran volumen (no 
admitido en el mundo electrónico). Se buscan tecnologías de alta capacidad de 
extracción de calor con tamaños similares o ligeramente superiores a los de las fuentes 
de calor (componente electrónico, Peltier) y que supongan una mínima diferencia de 
temperatura entre el punto de extracción de calor y el punto expulsión del mismo. 
Dispositivos como los loop heat pipe “LHP”. Este trabajo se centra en este tipo de 
dispositivo: performance, partes clave y su mejora. 
Para ello se ha desarrollado un modelo numérico capaz de reproducir el funcionamiento 
del dispositivo en función de parámetros constructivos y de necesidades de disipación. 
Así mismo se ha llevado a cabo la construcción y ensayo de tal dispositivo para la 
refrigeración de un dispositivo de 4x4cm y unos 50W de potencia térmica. 
Así mismo se hace un análisis del comportamiento de los “wick” tanto primario como 
secundario de estos dispositivos y la importancia de la obtención de obtener una muy 
alta capilaridad. Existen diferentes tecnologías para la fabricación de estos wicks, si 
bien en este dispositivo se ha empleado el láser printing technology que permite crear 
los wicks con la estructura interna personalizada y adaptada a los requerimientos 
térmicos, parte innovadora del trabajo. 
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Chapter 1  2 
1.1- Introduction 
Since the 1970s the semiconductor industry (electronics) has been driven by the so-
called Moore's Law. Law, established in 1965 by George Moore, in which it was 
affirmed that the number of components that could be integrated in a printed circuit 
would grow exponentially in the time, which implied a manufacturing cost reduction 
(cost per unit) and allowed the manufacture of more complex circuits in a single 
semiconductor. Since 1970 the number of components per chip has been doubling 
every two years, Moore's law. For decades, this law has been the driving force of the 
semiconductor industry in particular and electronics in general thanks to the so-
called virtuous cycle, figure 1.1. A cycle in which advances in integration (cost 
reduction, greater functionality) boost the semiconductor market and investments in 
new technologies that in turn increase integration and reduce costs [1]. 
 
 
Figure 1.1 Moore law 
 
However, this continuous advancement has led to the so-called "More than Moore" 
technology which targets not only the transistor integration density increase 
(miniaturization-digital) but also the diversification of functions (non-digital) in the 
component. 
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This heterogeneous integration of digital and non-digital functions into electronic 
components is the current engine in many electronic applications. This new trend 
establishes a new virtuous cycle, figure 1.2. 
 
Figure 1.2: “More than Moore” law. 
These "More tan Moore" and / or "More Moore" technologies have been boosted by 
the development of the semiconductor world. Although the trend in electronics is to 
increase: integration level, operating temperature, reliability, functionality and 
reduce size, weight and manufacturing cost, the barrier in its evolution is its 
thermal management [2]. In order for the predictions of "More Moore" or "More 
than Moore" to be met, it is essential to address the issue of efficient extraction of 
this high heat density in new packages. In this regard, technologies such as liquid 
and two-phase cooling (boiling flow) have been considered. Nevertheless, although 
they have got high cooling capacity, both require of refrigerant pumping systems 
that makes them more complex and risky. On the other hand, there is the air cooling 
technology, with advantages such as zero risk and simplicity but with the 
disadvantage of its low cooling capacity compared to the previous two, which leads 
to large volume equipment. In order to improve this limitation of air cooling, 
passive refrigeration systems with phase change, "heat pipes". Back in 1839, Angier 
March patented a sealed tube where a fluid boiled. Subsequently, Jacob Perkins 
patented the so-called Perkins tube in 1936 in which water experienced an 
evaporating-condensing process being the condensate returned back to the 
evaporator by gravity. As early as 1960 heat pipe technology evolved into different 
shapes and sizes being applied in many sectors from PCs to telecommunications. 
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Peltier modules and LEDs are also subjected to all the barriers and trends discussed 
above. 
1.2- Thermal challenges in Peltier pllets-LED 
In these two components, as in all other electronic components, the efficient 
management of the heat generated by them is the main barrier that limits their 
functionality and probably prevents their cost reduction. 
1.2.1- Peltier pellet. 
The basic concepts of thermoelectricity have already been described in a multitude 
of books and articles [3-7], so here is a brief description as a reminder to those who 
know the subject and as an introduction to a better understanding for those who are 
initiated in the matter. 
Operating principle 
It is based on a physical phenomenon whereby the union of two different conductors 
generates an electromotive force as a consequence of the external application of a 
thermal flow "Seebeck effect" or vice versa, when circulating an electric current 
through the union, a temperature decrease or increase (depending on the current 
direction) is obtained in the junction, "Peltier effect". 
This is more clearly understood by the following example: 
1)-be a circuit constituted by two separate conductors "a and b" connected by one 
of its ends and open by the other, figure 1.3. 
 
If the junctions of these two conductors, 
electrically connected in series and thermally 
in parallel, are maintained at different 
temperatures "TC, TF", where TC>TF, a voltage 
" V=ab(TC-TF)” " appears at the open end 
"Seebeck effect", where "ab " is the Seebeck 
coefficient. 
TC 
TF 
V 
Figure 1.3: Seebeck effect 
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2)- be a closed circuit constituted by two separate conductors "a and b" through 
which an electric current, “I”, is flowing, figure 1.4. 
 
When passing an electric current through the 
closed circuit, a heat rejection “TC” and a heat 
absorption ("TF <TC") occurs in the junctions, 
"Peltier effect" (QP=ab I). Being “ab " the 
Peltier coefficient. 
  
 
As mentioned previously, these phenomena are due to the matter behaviour when 
subjected to external excitations (thermal field, electric field) and they have to do 
with the bands theory by which materials are classified into: conductors, insulators 
and semiconductors 
 
Peltier pellet arrangement  
So far thermoelectric phenomena have been briefly discussed, and how these occur 
in conductor unions. However, these terms have no practical application to the 
exception of temperature measurement. In case you want to use them as a 
thermoelectric cooling system it is necessary to use a multitude of these 
thermocouples to achieve a reasonable cooling power “

Q ” ( 


n
1
PQQ ), where 
“

Q P” heat generated in a joint (very small value) and “n” the number of joints 
thermally in series. At this point, one can already intuit that the refrigerating power 
of these systems is in the range of low powers and therefore their applications are 
quite restricted.. 
According to the foregoing, a thermoelectric pellet (minimum unit capable of 
providing a considerable effect) is merely a series of thermocouples electrically 
connected in series and thermally in parallel. This results in a heat 
TC 
TF 
I 
Figure 1.4: Peltier effect 
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absorption/rejection from/to the environment equivalent to the sum of the heat 
generated by each thermocouple when an electric current "I" flows through them. 
Figure 1.5 shows the arrangement of the thermocouples in a pellet. 
 
 
 
 
 
 
Figure 1.5: Arrangement of semiconductors junctions type “p-n”. 
As shown in figure 1.5, all "np" type joints are in the upper part (cold side) and the 
"pn" type joints are in the lower part (hot side), ie they are arranged thermally in 
parallel. In addition, ceramic plates are placed at the top and bottom to electrically 
but no thermally isolate the pellet from the surroundings. 
Parameters influencing the performance of a Peltier pellet. 
Currently, due to environmental pollution and global warming, there is a 
tremendous concern about: energy efficiency, energy recovery and progressive 
reduction of CFCs (FGas regulations set deadlines for the use of these CFCs 
refrigerants by to sector) among others. According to this, thermoelectricity presents 
a great environmental advantage, what is of great interest in both refrigeration and 
energy conversion (thermal to electrical). However, its efficiency and COP [8] are 
not the best, depending on: 
 Thermoelectric properties of semiconductors (materials science) 
 Design, configuration of thermoelectric module "TE" (length and cross 
section of thermoelement, contacts and materials). 
 Hot and cold temperature (very much influenced by the heat sink design).  
TF 
TC 
P 
N 
N 
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







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l
rl
β
T
T
β
TT
T
rll
lCOP CF
C
FC
F
C 12
     (1.1) 
 
where  
ln
Tzl

 1 ,   “ l ” thermoelement length. 
C
r

 ,   ratio between the thermoelement thermal conductivity “” 
and that of the contact “C”. 

Cn 2 ,   ratio between the electrical resistivity of the contact “C” 
and that of the thermoelement “”. 
 lc is the thickness of metal contact plus the cermic layer.. 
 “

 2ABZ  ”thermoelectric pellet figure of merit, AB, is the Seebeck 
coefficient and “
2
TTT FC  ” being “TC” y “TF” the hot and cold 
temperatures of the Peltier pellet. 
As a refrigerator, the effect of Peltier pellet faces' temperature “ ΔT= TC-TF” on both 
the COP and cooling capacity “QF” is shown in figure 1.6. 
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Figura 1.6: Effect of ΔT on both COP and cooling capacity of a thermoelectric pellet 
In case of working as a converter, conversion power given by (1.2), the effect of T 
on the converted power is shown in figure 1.7. 
    RZT
ZTTP ABopt 2
2
1(1
1

        (1.2) 
 
Figure 1.7: Open circuit voltage and maximum power for a typical TEG 
In view of Figures 6 and 7, it is observed that it is interesting to reduce the ΔT when 
working as refrigerator and to increase as converter, that is to say, temperature on 
the faces should be closest to the sinks' temperature with which the pellet exchanges 
heat. For this, it is necessary that the heat sinks have the least possible thermal 
resistance (efficient heat exchanger). Considering this heat sink, equation 1.1 
becomes 1.3. 
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COP de pastilla vs salto en disipadores
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where 
ln
Tlz

 1*  y 
2
intint TTTTT ambamb   
Expression that for the particular case of table 1.1 and different design temperatures, 
assuming the same temperature drop on both dissipaters, results, figure 1.8: 
Table 1.1: Physical properties of a commercial Peltier pellet 
l (mm) lc (mm) n  z  (K-1) r  
1 0.7 0.1 2.8e-3 0.05 
  
 
 
 
 
 
 
 
Figure 1.8: Peltier pellet COP as a function of temperature difference between hot and cold heat 
dissipaters. 
A lot of work has been done about the thermal behavior of a Peltier pellet in order to 
better understand the heat flux within the device and to be able to establish with 
greater precision the influence of the temperature drop in both the COP and 
conversion capacity. One of these works exclusively studies the pellet [9] using 
conventional tools, while others carry out a study of the complete thermoelectric 
pellet [10-12], developing a specific tool tested in different applications [13-16]. There 
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are also works that show the importance of heat sink design of on the Peltier pellet 
performance [17-19]. 
1.2.2 Light emitting diode (LED). 
 
Thermal management in the LED devices is a key issue since light quality and 
quantity and LED device's reliability and life depend on it. LED devices require, on 
one hand, a high electric current to obtain the maximum of lumens and on the other 
hand, an electric current as low as possible to reduce the generation of heat. In every 
LED lighting device, the most expensive part is the LED itself, so reducing the 
number of LEDs, providing the same amount of light, would reduce costs. The latter 
involves increasing the electric current, but, as discussed above, this generates more 
heat flow and therefore an increase in temperature (there is a maximum value 
depending on the materials used). Thus, increasing the electric current should come 
accompained with an efficient refrigeration system to keep LED temperature lower 
than its maximum value. 
Operating principle 
Like thermoelectric element, a light-emitting diode is a union of two types of 
semiconductors  "p and n type" which produces a circulation of electron through the 
union  when a "V" voltage is applied. This electron flow generates an energy  in the 
form of photons (band gap). This energy determines the color of the light, figure 
1.9. 
 
Figure 1.9: LED sketch 
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LED Lamp Configuration  
In order to increase the amount of light, LEDs are arranged in matrix and / or 
multichannel mode on an electronic board, figure 1.10. 
  
Figure 1.10: Example of LED integration 
 
LED performance influent parameters. 
LED temperature directly affects to light quantity, quality and colour as well as LED 
device's efficiency [20]. 
 
Figure 1.11: LED’s luminosity-optics decrease with temperature 
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As shown in figure 1.11, the LED's brightness is lowered when it is continuously 
operated at elevated temperatures. The reason for this is the rapid degradation of the 
semiconductor structure causing its early deterioration. 
Figure 1.12 shows the estimated life for a LED (Luxeon K2-Philips) depending on 
the junction temperature and the circulating electric current. 
 
Figure 1.12: Estimated life for a Philips Luxeon K2 LED as a function of the temperature and for 
different power currents. courtesy of Philips 
It is obvious that minimizing diode's temperature results in a LED life and 
brightness increase (higher current). Taking a look at the standard configuration of a 
SMD LED (surface mount diode), figure 1.13, a heat sink is assembled to directly 
transfer heat out from the diode to the PCB on which it is mounted.  
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Figure 1.13: Sketch of a LED assembly. 
Now, the challenge in refrigeration is, among others, how well the heat from the 
dissipater is evacuated to the surroundings. To this end, there are techniques and 
technologies that ensure an efficient heat dissipation to the surroundings [21, 22]. 
Taking into account the current challenge for getting lighting devices with longer 
duration light intensity when operating under severe conditions (high temperatures), 
LEDs manufacturers must deepen into the component's heat management. 
 
1.3- Motivation 
Overheating is a critical factor in the functionality of many high-power electronic 
devices (microprocessors, telecommunications, solar cells, wind power inverters, 
photovoltaics, electric traction systems, thermoelectric devices, LEDs, etc.). The 
reliability, lifetime and efficiency of these devices are severely limited by the speed 
at which the heat generated during their operation is dissipated. 
Nowadays, electronics evolves towards smaller devices and components with 
greater operation capacity and so with greater heat generation (heat density). This 
heat increase together with components miniaturization make cooling needs increase 
and therefore their power consumption. As an illustrative example of the weight of 
cooling system's power consumption over total operating power consumption, the 
EMERSON's study is shown [23], figure 1.14. 
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Figure 1.14:. Thermal analysis of a 450m2 data centre 
The study shows that 38% of the total power consumption of a 450m2 data centre is 
due to the cooling system. Therefore, it seems obvious the need to improve the 
cooling systems efficiency and / or reduce data centre power consumption, cascade 
effect. Effect due to which, a 1W power consumption reduction of a server 
component leads to 2.84W power consumption reduction of the whole data centre, 
figure 1.15. 
 
Figure 1.15: Cascade effect of the component’s consumption reduction on the global consumption 
However, 1W reduction requires, among other things, that heat extraction be as 
much efficient as to keep component temperature below its maximum value..  
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For the particular case of thermoelectric systems, as discussed in the previous 
section, a heat exchanger thermal resistance reduction means a cooling capacity 
increase when operating as a cooler, or a power conversion increase as converter. As 
far as LEDs are concern, the lowering of the temperature at the junction allows to 
increase light quality and luminaire life. 
All above has motivated the realization of this thesis which has focused on the 
development of a high efficient, passive, two-phase cooling device (specific LHP) 
for its application in a Bridgelux V15 LED.. 
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2.1- Objectives. 
Nowadays there is a tremendous concern about energy efficiency, respectful use of 
resources and the environment. More efficient equipment, better performance and 
longer life are aspects desired and sought. In LED lighting and thermoelectric devices 
"TEG" these aspects are conditioned by the die temperature [1,2,3,4,5]. The difficulty in 
economically and efficiently cooling these devices has led to the development of new 
architectures and materials [6,7] as well as to the development of new refrigeration 
technologies [8, 9, 10] more appropriate for the requirements demanded: miniaturization 
and high cooling capacity (heat pipes, vapour chambers, loop heat pipes, variable loop 
heat pipes, ...). 
This thesis aim is to develop a heat pipe loop composed of a structured primary 
wick unlike the traditionally used porous wicks. A mathematical model predicting loop 
heat, LHP, pipe performance has also been developed. Model that allows to adjust the 
LHP design as well as to establish the influence of the different components and 
operating conditions on its cooling capacity. 
This section gives an overview of the problem of heat conduction in electronics and 
highlights the contribution of this thesis. 
 
2.2- Thermal management challenges 
Given the importance of temperature over the efficiency, quality and lifespan of 
electronic devices (LEDs, TEG) the question is how to efficiently increase the heat 
extraction. Obviously, one of the first focuses of attention is the development of less 
electric resistive semiconductors (Joule effect), which leads to a lower heat generation. 
The other focus is on improving the mechanisms of heat transfer [11]. To improve these 
mechanisms, we must first know the mechanisms that limit dissipation [12]. Among 
these are: 
 Material thermal properties, “Bulk thermal resistance” 
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 Thermal contacts between different materials, “Thermal interface 
resistance”. 
 Components miniaturization, high heat densities. “Thermal 
constriction/spreading resistance”. 
 Heat sink efficiency “Dissipater thermal resistance” 
The first two points are closely linked to the materials science, better electric-thermal 
performance. As far as the last two are concerned, a description of them is made in the 
following sections. 
 
2.2.1- Effect of the heat flow direction 
Due to its simplicity, robustness and cost, air cooling is the most widely used 
technology in electronics, LEDs, and thermoelectricity. However, unlike other 
applications, electronics has the particularity of miniaturization, which means a high 
heat flux density. It is this high heat flux density the real bottleneck for the advance of 
more robust, longer life and higher capacity electronic components. 
When defining a heat sink to cool down a component, it is no longer enough to know 
its standard heat resistance (calculated assuming a homogeneous heat flow across the 
entire base plate). If so, the component will certainly fail ahead of time since the actual 
temperature at which it is subjected is greater than that obtained analytically in view of 
that standard thermal resistance. This is due to the negative effect of the heat flow 
concentration or opening, which means an additional thermal resistance called 
constriction resistance [13,14], annex 5. 
 
 
 
 
 
Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO 
thermal superconductor device with   Dpto. INGENIERÍA MINERA Y METALÚRGICA 
multicondensers   Y CIENCIA DE LOS MATERIALES 
 
Chapter 2   21 
 
 
 
 
 
 
 
 
 
                        
Figure 2.1: Temperature distribution on a “L” width heat sink base surface 
 
Figure 2.1 shows, for the same "Q" heat flux, the component temperature as a 
function of how heat is distributed: figure 2.1 (a), evenly distributed over the entire 
surface of the heat sink base “A” and concentrated in a smaller surface “A’”, figure 2.1 
(b). It is observed that temperature reaches its maximum for case (b). This is due to the 
so-called constriction thermal resistance resulting from the "A’/A" aspect ratio. The 
lower this aspect ratio, the higher the maximum temperature reached and vice versa. 
Apart from the aspect ratio, there is another factor that modifies the heat sink overall 
thermal resistance, it is component location at the base of the radiator, ie its eccentricity 
"e" with respect to the position centred at the base. The more eccentric, the higher the 
temperature at the source-radiator contact, figure 2.2. 
Q Q 
T T 
Tavg 
L 
A’ A 
a) b) 
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Figure 2.2: Effect of eccentricity on the heat source temperature. 
 
From the above it is concluded that a good thermal characterization of the radiator is 
given by the thermal resistance that considers the aspect ratio and the eccentricity. 
 
2.2.2- Heatsink efficiency 
The last step in the heat evacuation is the convective heat transfer (natural convection 
or force) through extended surfaces (surface with fins) to the environment. The 
efficiency of convective heat transfer depends on several factors: 
 Fin type 
 Pitch or spacing between fins 
 Fin dimensions 
It is well known the effect of the heat exchanger's surface on the heat transfer 
efficiency. The larger, the more efficient the heat exchanger. The way to increase this 
surface is by mean of fins which can be of several types and configurations. Among the 
most widespread are the smooth and straight fins, although there are other types.  
As far as the smooth-straight fins are concerned, their size and arrangement are key 
aspects to get a highly efficient dissipater, low thermal resistance. After a brief 
introduction of what is meant by thermal resistance, it is described the influence of 
several design parameters (number of fins, fin thickness, spacing between fins, fin 
height) on the smooth and straight fin dissipater thermal resistance. 
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Heat resistance is the resistance that any body or system offer to the flow of heat 
flowing through it and is defined as the ratio between the body's temperature increase to 
the heat flowing through it. This thermal resistance comprises two: the conduction and 
convection resistances. 





frig
erfamb
frig
baseerf
convcond
Q
TT
Q
TT
RRR supsup  
That’s to say, 


frig
baseamb
Q
TT
R          (ºC/W)      (2.1) 
Being baseamb TTT   the thermal drop between the temperature of the heatsink 
base and the surrounding temperature. 
Tamb: surrounding temperature . 
Tbase : temperature of the heatsink base. 
Tsuperf: Temperature of the heatsink finned surface. 

frigQ : heat power to dissipate. 
erf
conv Ah
R
sup
1  where “h” is the convective heat transfer oefficient [15,16] and “Asuperf” 
the heat exchange surface. 
According to equation 2.1, radiator's thermal resistance requires the determination of 
the temperature at its base once the cooling power and ambient temperature are known. 
However, this temperature is not something immediate but something very complex and 
laborious due to the complexity of the equations to solve [17,18]. Equations that derive 
from the approach of energy conservation in the heatsink and those for the mass, 
momentum and energy of the cooling air. 
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Equations for the fluid    Equation for the radiator 
These equations determine the temperature reached in the heat sink as a function of 
the established limit conditions. These partial differential equations, due to their 
complexity and impossibility to obtain closed solutions, require numerical tools that 
allow their discretization and scalar transformation and thus their solution, in short, the 
calculous of the heatsink temperature at the base “Tbase”. 
2.2.2.1- Influence of design parameters on a straight fin dissipator: height, 
thickness, spacing. 
As an example, considering forced convection (air velocity 2m / s and 50 ° C) and 
constant thermal power (Q), the following figures show the effect of fins size and 
arrangement on the heatsink thermal resistance..  
Given a fixed dimensions radiator: a heat sink base of 100mm wide x 50mm long x 
5mm high and fins of 25mm high and 2mm thick.  
 
Figure 2.3: Straight fins radiator drawing. 
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In Figure 2.4, the effect of fin spacing is shown. As the spacing is decreased, the 
lower the thermal resistance. However, the spacing reduction has in counterpart an 
increase in the pressure loss, so the optimal solution is a compromise between the 
thermal resistance reduction and the pressure loss increase, in this case 1.5<eopt<3mm. 
 
 
 
 
 
 
Figure 2.4: Effect of fin spacing on thermal resistance and pressure loss. 
 
As far as the fin thickness effect on the heat sink thermal resistance is concern, it is 
shown in figure 2.5. (for a 2mm fin spacing). 
 
 
 
 
 
 
 
 
 
Figure 2.5: Effect of fin thickness on thermal resistance and pressure loss. 
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As the thickness increases, the higher the thermal resistance and the pressure loss. 
However, it is observed that at fin thickness lower than 2mm the percentage reduction 
of both thermal resistance and pressure loss are relatively high (5-10% and 10-40% 
respectively). 
Fin height effect is shown in Figure 2.6. As fin height increases, both thermal 
resistance and pressure loss decrease. However, there is a fin height (50mm) from 
which thermal resistance percentage remains constant, 6-7%. At the same time, thermal 
resistance for fin heights larger than 50mm are low and almost constant. So, thermal 
resitance improvement does not compensate the material increase.  
 
 
 
 
 
 
 
 
 
 
Figure 2.6: Effect of fin height on thermal resistance and pressure loss. 
 
Conclusions about fin effect. 
1. For a fixed air flow rate and a fixed radiator base, it turns out that the larger the 
number of fins (smaller the spacing between fins) the lower the heatsink 
thermal resistance. 
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2. A smaller spacing between the fins supposes a greater resistance to the air 
flow, larger pressure loss, what means a bigger fan to keep the same air flow 
rate.  
3. For a constant flow rate, the thermal resistance and the pressure drop are 
inversely proportional to the fin height, if it increases then thermal resistance 
and pressure loss decrease. 
 
2.2.2.2- Effect of fin type; Comparison between rectangular and triangular fins. 
Extended surfaces are used to increase the convective heat transfer coefficient 
between heatsink and the surrounding [19]. Thus, low convective coefficient is 
compensated in some way with the increase of area in contact with the fluid, expression 
(1): 
 
  amberf TTShQ  sup  (1) 
Fin configurations found nowadays in the market vary very much in geometry and 
sophistication-complexity. These configurations are designed for very specific 
applications requiring of high performance working under maximal constraints such as 
space [20]. In spite of the multitude of variants in the fin geometries, this section 
analyces  the influence of fin geometry on its thermal resistance [21], to finish by 
making a comparison between a triangular longitudinal fin and a rectangular one. 
For the analysis of triangular fin thermal, a Matlab analytical model predicting fin 
cooling capacity has been developed. 
The developed tool can predict temperature, cooling power and efficiency of a 
longitudinal rectangular and triangular fin. The basic defining parameters of a triangular 
fin are shown in figure 2.7. 
. 
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Figure 2.7. Triangular fin’s dimensions used for analysis 
 
For the study of a longitudinal, triangular or rectangular fin, the following 
considerations are made: 
 Forced convection all around fin, including the end. 
 Fin of aluminium. 
 Temperature at the fin's base is fixed. 
 Fin length is constant. 
 The fin is thin enough to account for unidirectional flow. 
 Heat loss through the fin's ends are neglected. 
Temperatures 
Temperatura of a triangular fin is given by: 
 
 0X4dX
d
X
1
dX
d 2
2
2
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 L
xX   (5) 
 
Solving the differential equation of the second order, and applying the corresponding 
boundary conditions, gives the following expression for the temperature: 
 
 
 

0
0
I
XI
 (6) 
 
Where “I0” is the modified Bessel’s function of first specie and order zero. 
Cooling power 
Cooling power for a triangular fin is given: 
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Where “I1” is the modified Bessel’s function of first specie and first order. 
Efficiency 
Finally, the efficiency of a triangular fin is given by: 
 
 
 


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0
1
I
I2
  (8) 
With the above formulation a Matlab model is created, "FinStudy". It allows to 
quickly determine fin performance depending on its geometry, triangular or rectangular. 
Previous to use it to evaluate the influence of geometric parameters, its validation is 
done by comparing its predictions with those coming from a CFD model, figure 2.8. 
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               a)                                                                                      b) 
Figure 2.8. Distribution of the temperature along the fin, from the base to the tip being W = 
10mm. A) CFD case; B) Finstudy case 
As can be seen in figure 2.8, both CFD and Finstudy establish the same temperature 
profile along the fin length. Nevertheless, Finstudy predicts a temperature at the fin tip a 
little bit higher (0.4% higher, 78.1 ° C) than that predicted by CFD (77.8 ° C). 
a) Effect of base width "W" on triangular fin. 
For this analysis, both the fin heightand length (L = 50 mm, H = 450 mm 
respectively) are fixed while width "W" is variable.. 
Figure 2.9 shows the fin efficiency for the following conditions: 80ºC temperature in 
the fin base and 25ºC ambient temperature. 
 
 
Figure 2.9. Effect of fin width on efficiency. 
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It is observed that as the fin width increases, the fin effectiveness also does [22,23]. 
However, from a given width (15 mm in this case) the efficiency increase is hardly 
appreciated. Therefore, 15mm can be considered the maximum value for this case. 
b) Effect of the height "L" of the triangular fin. 
In this case, three fin heights are analyzed: 50, 70 and 100 mm, for a fin width of W 
= 5 mm and a length H = 450 mm. The result is shown in Figure 2.10, where we can see 
the surface temperature for the three mentioned lengths. 
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a)                                                           b)                                                      c) 
 
Figure 2.10. Fin’s surface temperature; A) L = 50 mm; B) L = 70 mm; C) L = 100 mm. 
As the fin height increases, the fin tip temperature decreases as well as the cooling 
power, resulting in a fin effectiveness reduction [24], table 2.1. Apart from that, the fin 
weight increases. 
Tabla 2.1. Fin height effect on the heat dissipation 
L (mm) Q  (W) 
50 95,13 
70 95,05 
100 95 
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 c)  Comparative between rectangular-triangular fin. 
One of the issues that always appear when designing a heatsink is to decide between 
a rectangular or triangular fin. In this section we compare the efficiency of both 
configurations for a fin of L = 50mm and the same outer surface "S". 
Figure 2.11 shows that temperature at the rectangular fin tip  is lower than in a 
triangular one. It gives an idea how large the rectangular fin's thermal resistance is 
compared to that of the triangular one for the same outer surface. 
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Figure 2.11. Surface temperature distribution; a) rectangular fin, b) triangular fin. 
 
The efficiency ratio between the two fins is: 
 
 04.1
R
T 

  (13) 
 
That is to say, the triangular fin's efficiency is 1.04 times greater than that of the 
rectangular one. 
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2.3- Methodology and Contributions 
In electronics, thermal management is today the great challenge to overcome in order 
to advance in the development of ever smaller components, with a higher level of 
operation and functionality. The main topic of this thesis is the cooling capacity 
improvement of two-phase passive cooling devices, LHPs. To do this, a thermal model 
of such device is generated, the effect of the porous media is theoretically and 
experimentally analyzed and finally a two-phase pasive device is constructed and 
characterized in order to experimentally measure its performance. 
Chapter 1 and 2 highlight the motivation as well as the technical challenges that have 
led to the development of this thesis. Chapter 3 studies the fluid-mechanics in porous 
media, capillary ascent, as a key element in the operation of these two-phase, passive 
devices. In Chapter 4 it has been developed a mathematical model that predicts the 
fluid-thermal behavior of this LHP, while providing a more in-depth information on the 
influence of several variables (porous media type, among others) on its cooling 
capacity. Chapter 5 describes the manufacturing and experimental tests carried out on 
the LHP, as well as LHP's model validation as tool to assists in the LHP's design. 
Finally, the conclusions section contains the conclusions and future lines of 
improvement.  
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3.1 Introduction 
One of the main operating elements of a thermal superconductor is the porous medium, figure 
3.1.  
 
Figure 3.1: LHP scheme with detail of the location of the wicks or porous media. 
The type of material, porosity, internal structure, geometry and wettability are, among others, 
determinants of the porous medium performance, wick. 
The wick fundamental role is: 
 • To pump the fluid through the entire system and wick in particular, overcoming the 
system's head losses. This pumping capacity is called "capillary action". 
 • To secure the liquid-vapor interface where the evaporation takes place. 
This element establishes one of the operating limits of these two-phase heat transfer devices, the 
so-called "capillary limit".  
As for capillary or capillary action, as discussed above, it is defined as the ability of a porous 
medium to pump a liquid through it without the action of external forces (eg gravity). This is 
observed: when a paper is placed on a wet surface and it starts getting wet or when a capillary 
tube is introduced into a glass of water and it is observed how water ascends by its interior, 
figure 3.2; Annex 5 
 
 
 

m  
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Figure 3.2: Wick performance. 
The capillary action is a consequence of the intermolecular forces that appear in the three 
interfaces that appear among the liquid, solid and gas that result in a net force "F" on the liquid 
that causes it to move, figure 3.3. 
 
Figure 3.3: Intermolecular forces. 
The most widespread porous medium in thermal superconductors is powder sintering 
(different materials and sintering parameters) [1-3], meshes and grooves. However, there are 
other techniques to obtain a porous medium.: 
 • Metal foams, one of the most commonly used techniques is the replica of a 
polyurethane preform. Preform that determines pore size and distribution. These 
media have fairly spherical pores, as well as a fairly homogeneous metal connection, 
Figure 3.4.  
 
F 
F 
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Figure 3.4: SEM image of an aluminium metallic foam 
 • 3D Printing - Selective laser melting (SLM). This technology allows the rapid 
fabrication of complex geometries that otherwise would not be possible. It also allows 
to create the pore's size, distribution and connection in a specific and controlled way, 
figure 3.5. This technology is based on the contribution of metal powder while being 
fused by the application of a laser. 
   
Figure 3.5: Image of stainless steel structures manufactures by SLM. 
It is crucial to know how parameters such as porosity, pore size, pore distribution, material 
and internal structure affect this porous medium's capillary action of when designing a two-phase 
thermal device.  
In the following section the fluid mechanics in porous media is analyzed in order to evaluate 
the influence of the mentioned parameters.  
3.2 Fluid-dynamic in a porous medium 
As discussed above, the heat transfer capacity of two-phase devices (LHP) is subject to 
several restrictions. One of these is the so-called "capillary limit", which represents the 
maximum heat power the device is capable of transport before dry spots appear on the 
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evaporator's wick. If this occurs, it is because the wick's capillary pumping capacity or flow 
velocity of the liquid through the wick is less than the liquid evaporation rate at the liquid-vapor 
interface.  
It is therefore fundamental to know this advance velocity of the fluid through the porous 
medium in order to be able to estimate if a porous medium, together with its characterizing 
parameters, is able to ensure the required heat power transport.  
3.2.1- Macroscopic mathematical approach. 
This is a discipline within the fluid mechanics particularized to the flow through porous 
medium whose flow restriction depends on parameters such as: porosity, pore size, internal 
configuration, materials "wettability θ”. 
In the theoretical scope the fluid dynamics in these media can be realized at both microscopic 
and macroscopic level. 
 • Microscopic approach. It implies that the well-known Navier-Stokes equations apply 
as such to the domain of the medium at pore-scale. In this approach, the field of 
velocities and pressures refer to the pore-scale velocities and pressures “ u

P” y “P” 
within the medium. However, the solution of these equations requires a significant 
effort for complex geometries since they require a precise definition of the media 
internal structure, something that is very complex to define and / or measure given the 
three-dimensional, random and isotropic character of these structures. Only in very 
simple cases (meshes, dust deposited freely, ...) can be defined precisely this structure 
and therefore be able to solve. 
 • Macroscopic approach. In this approach, the Navier-Stokes equations apply to a 
domain in which the porous medium has no internal structure, it is considered open to 
the fluid. In such case, the effect of the internal structure is taken into account by 
means of three macroscopic parameters:  the so-called permeability "K", inertial 
coefficient "CE" and porosity "ε". These in turn, represent the porous structure internal 
forces: viscous and inertial forces. Under this approach, the fluid velocity is a 
macroscopic value “ u

” which is related to the real microscopic velocity (pore level) 
through the porosity parameter “ε”,  u = Pu
 ε.  
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According to the macroscopic approach, the N-S equation is written as follows: 
 
1- Momentum conservation: 
     uuC-u-uuuu
t
1
1/2
E2  


 KK





 

 gpI  (1) 
 
A: Macroscopic inertial force 
B: Pressure gradient 
C: Gravity force 
D: macroscopic viscous force, Brinkman term 
E: microscopic viscous force, term Darcy 
F: inertial microscopic force. 
2- Mass conservation: 
  0uρ
t
ρ)( 

 
        (2) 
Being 
 “ρ” fluid density,  
“ε” medium porosity =Vh/V, “Vh” is the volume of voids y “V” the total volume.  
“ u ” Darcy velocity or macroscopic velocity 
“K” permeability,  
“µ” dynamic viscosity of the fluid,  
“CE” macroscopic inertial coefficient.  
Permeability “K” and the macroscopic inertial coefficient “CE” represent the resistance that 
the medium offers to the fluid flow. Such resistance depends on the porosity and tortuosity of the 
medium or the inter-connection among pores and on the type of fluid for the case of the 
permeability.  
In general, it is necessary to determine them experimentally. 
Equation (1), (2) represents the general form of the averaged NS equations; however, for the 
case of advanced two-phase devices, these are simplified because the following requirements are 
satisfied in capillary pumped flows:  
A 
B C 
D E 
F 
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• The flow is laminar, incompressible 
• Newtonian fluid 
• The movement of the fluid is by capillarity, whereby inertial forces are zero, “CE” =0 
Hence equation (1) is: 
     u-uuuu
t
1 2 
K









 

 gpI    (3) 
The obtaining of the macroscopic advance speed implies to solve the system of equations (2 
and 3) which are difficult due to the complex nature of the porous structures., “K, ε”.  
However, for porous media used in two-phase heat transfer devices, two further 
requirements are satisfied: 
 • stationary flow and 
 • unidirectional flow 
Which simplifies the system of equations (2 and 3) as follows: 
Mass conservation 
0
δz
δU          (4) 
 
Momentum conservation 
ρgPUμ
δz
δUU
ε
ρ 




K
     (5) 
 
Combining (4) and (5) provides the macroscopic flow rate or liquid front velocity, Darcy's 
equation.  




  g
dz
dPU l 

Κ
       (6) 
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Figure 3.6: Pressure variation with height. 
The pressure variation in the liquid phase with the height "dPl/dz", figure 3.6, is in turn related 
to the capillary pressure of the porous medium, which is defined: 
 
eff
C r
P  cos2   (has to do with the curvature of the liquid-gas interface)  (7) 
Like wise ΔPC= Pv-Pl,, what results in 
eff
vcvl r
PPPP  cos2        (8) 
By incorporating (8) into (6), the forward velocity or pumping capacity is given as a function 
of the porous media geometric characteristics, material compatibility and fluid properties, 
expression (9): 


















 
 g
dz
r
Pd
U eff
v



cos2
K
     (9) 
Expression that determines the liquid velocity through the porous medium as a function of the 
wick height, wick physical characteristics and the capillarity. There are a lot of technical work 
done regarding the obtention of a closed solution to equation (9) [4]. A simple solution is the 
Washburn equation, which determines the capacity of capillary pumping or pumping height as a 
function of time.  
ΔPl 
ΔPC 
Pv 
Pl
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t
r
h eff


2
cos2          (10) 
Considering the mass absorbed results: 
  trAm effC 


2
cos
       (11) 
However, this expression applicability is subject to conditions: porous medium with nuniform 
pore distribution and constant pore size and when gravitational forces are negligible compared 
with the capillaries. But these conditions rarely occur in real cases, therefore the values predicted 
by Washburn equation differ from those obtained experimentally [5,6]. In spite of everything, due 
to its simplicity, it is an expression very often used to obtain some guiding values.  
Other researchers have developed a solution of the exponential type [7], which best fits the 
experimental curve of porous medium pumping capacity, load curve. 
Maximum reachable height 
From this expression (9) there is an interesting feature of the porous media that can easily be 
obtained, this is the maximum height that the wick is capable of pumping liquid. The maximum 
height is the one at which the velocity becomes zero U=0, lo que resulta: 
max
cos2 h
ρgr
σ
eff
         (12) 
 
3.2.2- Wick loading curve 
The knowledge of the advance speed "U" through the wick is fundamental when defining the 
most appropriate wick for the two-phase device. This wick must satisfy that the advance speed is 
equal to or greater than the liquid evaporation rate in order to ensure its optimum operation.. 
Cmm          (13) 
Being: “

Cm ” mass Flow rate; “

m ”evaporation rate.  
As discussed above, the equation (9) solution is complex and experimentation is presented as 
the alternative to establish the relationship between pumping capacity and wick properties. This 
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relationship is called wick loading curve [7, 8]. This can be given as a function of liquid height 
or mass absorbed. 
 
Description of measurement method 
The experimental measurement requires a simple device such as the one shown in Figure 3.7. 
  
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Capillary pumping measurement equipment 
Device that has the following elements: 
 a container in which to place the liquid 
 a wick sample clamping arm 
 a stopwatch 
 a balance or video camera 
 measurement scale 
Measurement procedure. Firstly, the equipment is prepared: the vessel is filled with liquid, the 
wick sample is grasped at one end by the clamping arm and then the weight or chamber is 
switched on. Subsequently, if the mode of measurement is mass, the vessel is placed in the 
weight "Sartorius MA45" and the initial mass of liquid in the vessel is measured. Then, the 
holding arm with the wick sample is placed vertically next to the weight submerging the other 
end of the wick's sample into the vessel. Immediately afterwards the register of weight (mass 
variation) and time begins. Weights recorded are subtracted from the initial value to obtain the 
mass absorbed by the wick as a function of time, loading curve. This curve has the shape shown 
in figure 3.8 (sintered powder Nickel and water). 
PC 
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Figure 3.8: Pumping curve for nickel powder sintering, 2.5μm diameter particles, 59% porosity, distilled water 
If the height is used as the measuring parameter, a "Sony DCR-SR55E" video camera and the 
measurement scale (height reading) will be used; Annex 5.  
From the experimental data of figure 3.7 an adjustment of the exponential type is made to 
obtain the curve in analytical form (13). 



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
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
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
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



21 11 21
t
t
t
t
eAeAy       (13) 
That for the case of Nickel-water is, figure 3.9: 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Nickel-water adjustment curve 
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3.2.3-Permeability 
It is defined as permeability to the ability of a porous medium to circulate a fluid 
therethrough. Due to the complexity of the porous media internal configuration, there is no 
general relation that determines the value of " K " as a function of the effective porosity 
(porosity, tortuosity). In spite of this, there are approaches that aim to simplify this internal 
structure to directly solve the N-S equations at pore level and obtain an expression for 
permeability. Among these approaches are: the one that resembles the porous medium to a set of 
micro-ducts [9, 10], or the one that representes it by a hydraulic radius. Thus for the latter 
approach one can find expressions for permeability as a function of porosity such as the Carman-
Kozeny equation for spherical particle beds: 
 2
32
1180 


 dK .          (14) 
Being its more general form: 
  202
3
1 Ak 



K
K         (15) 
Where  
“A0=Afs/Vs” specific surface,  
Afs: solid wetted surface 
Vs: volume of solid 
“Kk=K0τ” Kozeny constant 
K0: Numerical value according to the cross-sectional shape of the duct (2 for circular and 
between 2-2.5 for rectangular, elliptical, annular ...) 
τ: Tortuosity  
and “ε” porosity.  
For the case of porous media in which the internal structure can resemble a bundle of straight 
tubes (longitudinally oriented fibers, structures created by SLM-3D printing) by directly 
applying NS to tube level (Hagen- Poiseville) the following expression is obtained for the 
permeability:  
32
2dK            (16) 
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Where 
4
2dn   is porosity, “n” number of tubes per unit area in cross section and “d” 
tube diameter. 
In spite of the existence of these expressions, whose application is restricted to the range 
under which they were obtained, the experimental method is the most accurate in determining 
the permeability of a porous medium of complex internal structure. For this purpose, 
permeability measurement devices are used, such as that of figure 3.9, which allows indirect 
determination, comparison with Darcy [11, 12], of wick permeability by measuring the head loss 
"ΔP " and flow rate through the medium.  
In the device of Figure 3.10, the fluid flows through the porous media by means of a pump 
placed in the "simple holder". A "differential pressure" sensor is located on both sides of the 
sample to measure the head loss when passing through the porous medium. The device has a by-
pass that ensures low flow control through the medium. This is because the pump is not able to 
supply low flow rates. The two flow meters placed in the by-pass allow to determine the low 
flow rate flowing through the sample. As shown in the figure, it is a closed circuit with a 
reservoir from which the fluid is aspirated and returned after the stroke. This reservoir also has 
an air chamber that absorbs any pressure variation. 
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Figure 3.10: Porous media permeability equipment.  
At the start of a permeability measurement a pressure-flow measurement is performed for a 
wide flow sweep. The purpose of this is to determine the flow rate from which the P-Q curve 
takes a quadratic form, limit flow rate. Once this is detected, another battery of P-Q 
Sample holder 
Differential 
pressure gauge 
Reservoir 
Pump 
Flowmeter 
By-pass 
Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO 
thermal superconductor device with   Dpto. INGENIERÍA MINERA Y METALÚRGICA 
multicondensers   Y CIENCIA DE LOS MATERIALES 
 
Chapter 3   50 
measurements is performed for a flow range lower than the limit flow rate in which the curve 
presents a linear behavior that is what is sought to later determine the permeability of the 
porous medium. For example, in the case of a ceramic foam of 30 ppi (pores per inch) and water, 
a limit value of 0.85 g/s (0.0012 m/s) is obtained below which the pressure loss has a linear 
behaviour, figure 3.11. 
 
 
Figure 3.11: Linear relation of pressure loss with temperature (Darcy law) 
For this flow rate the value of the Reynolds number at pore level "Rep" is 9.17 which is less 
than 10, being 10 the limit above which Darcy's law is not applicable [13-15] (Rep <1 Darcy 
regime; 1 <Rep <10 can be Darcy regime; Rep> 10 is not Darcy). Although this classification of 
the type of regime is accepted by the scientific community it must be said that it is not always 
fulfilled, it may happen that in low flow regimes, Rep <1, Darcy's law is not satisfied. This non-
compliance is more likely to small than large pore sizes because of higher frictional forces. 
The slope of curve 3.11 determines the permeability of the porous medium. 
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3.3. Experimental characterization 
3.3.1- Loading curve 
Apart from the characterization of the Nikel powder sintering, shown in section 3.2.2, other 
powder sintering materials are characterized: "Alugram SIL G and Alugram Nano-SIL G" silica 
gel sheets, copper powder; Stainless steel mesh and 3D printing-SLM stainless steel; Annex 5. 
 Sinterized powder "Silica Gel Sheets". Two types of commercial silica gel films used 
for flat chromatography are analyzed, the characteristics of which are shown in Table 
3.1. 
Table 3.1. Properties of Silica gel sheets 
 Material Powder size 
Láminas de Silica Gel Alugram SIL G 5-17m 
Alugram Nano-SIL G 2-10 m 
Following the procedure and equipment described in section 3.2, the silicone sheets loading 
curves are obtained for two fluids: water and methanol, figure 3.12. 
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Figure 3.12: Differences between the two types of silica gel using two different liquids: water and methanol 
The experimental result shown in Figure 3.12 confirms a bi-exponential behavior for the 
loading curve of the silica gel sheets. It is also shown that the pumping capacity (gr / s≈α) of the 
smaller powder size film (NanoAlugram 6μm) is higher than that corresponding to a larger dust 
size (Alugram 11μm), 9 versus 8, 40 for Water and 8.25 versus 7.75 for Methanol, figure 3.13 a). 
The percentage of pumping capacity improvement due to a smaller size of powder (pore) results 
to be of 7.14% and 6.45% for Water and Methanol respectively.  
In the second part of the curve, the "β" slope is also smaller the larger the powder size (pore), 
Figure 3.13b). 
β 
α 
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For a powder size of 6 μm, the loading curve slope decrease (α-β) results from 82.78% for the 
case of Water and 92.73% for Methanol, figure 3.13c). 
 
  
a) 
b) 
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Figure 3.13: a) forward slope "α"; b) forward slope "β"; c) percentage of descent of slope "α" with respect to 
slope "β". 
 Stainless steel wire mesh.  
Regarding meshes, AISI 304 stainless steel meshes are considered and their characteristics are 
shown in Table 3.2, figure 3.14.  
Table 3.2. Metallic mesh characteristics 
Tela 
d 
(diam. alambre) 
mm 
w 
(espaciado) 
mm 
ε 
(porosidad) 
60 0.024-0.027 0.06 0.4756 
200 0.072-0.078 0.15-0.16 0.4519 
300 0.17 0.3 0.4074 
         
Figure 3.14: Detail of 60μm mesh, 160μm and 300μm pitch 
The samples for the mesh-Methanol loading curve measurement were obtained by forming 
ring cylinders of 10 mm inner diameter and 5 layers of coiled mesh, figure 3.15. A sample for 
each type of mesh: 60, 200, 300 µm pitch.  
60 200 300 
c) 
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Figure 3.15: Mesh Sample 
After tests, results look like those plotted in figure 3.16. 
 
Figure 3.16: Pumping curve for stainless steel mesh of different pitch: 60, 200 and 300 
The above figure confirms the bi-exponential shape of the load curves as well as that the finer 
the mesh (mesh 60) the greater the capillary pumping capacity. At the end of the recording time 
(60sg) the total mass absorbed by the mesh is greater for small pitch than for larger pitch, fig. 
3.17. 
Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO 
thermal superconductor device with   Dpto. INGENIERÍA MINERA Y METALÚRGICA 
multicondensers   Y CIENCIA DE LOS MATERIALES 
 
Chapter 3   56 
 
Figure 3.17: Drop the absorbed mass to increase pitch size 
 Copper powder sintering.  
In this case tests were carried out for different sintering samples of copper dust as porous 
material and methanol as liquid. The objective is to determine the effect of pore size on the 
porous media loading curve as well as confirm its shape. 
For this purpose, various samples of copper powder sintering with different pore sizes 
(powder size) have been created. The denomination of the samples is shown in table 3.3.  
Table 3.3. Characteristics of sintered powder copper samples 
Muestra ε (porosidad) 
D  
(Tamaño poro medio 
“μm”) 
1 0.573 30 
2 0.573 60 
3 0.573 95 
4 0.56 130 
 
The results are shown in figure 3.18 and 3.19. 
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Figure 3.18: Pumping curve for copper powder sintering 
 
Figure 3.19: Drop the absorbed mass to increase pore size 
 Escaffol 3D laser printing SLM.  
By means of the SLM technique two porous samples were developed. Both with a fine control 
of the pores connections. This technique offers an absolute control over the pore size or capillary 
radius, as well as the tortuosity of the matrix. In this case the configuration is as if there were 
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capillary conduits arranged parallel to each other. This arrangement reduces the tortuosity of the 
medium which a priori would favour the pumping capacity. Two samples are constructed:  fine, 
"90μm capillary radius", and thick, "180μm capillary radius", figure 3.20, whose porosity is 30% 
and 45% respectively. 
     
Figure 3.20: a) form of the scaffol; b) fine capillary, 90μm; c) thick capillary, 180μm 
The scaffol material is stainless steel and methanol as working fluid. The loading tests are 
carried out with the following results, figure 3.21. 
 
Figure 3.21: Pumping curve for scaffold of stainless steel and methanol for two sizes of capillary 
As in previous cases to lower capillary radius, greater pumping capacity. The curve shows the 
expected bi-exponential behavior. A very high absorption rate is observed for both cases in the 
first instants of the pump, which is positive for the final application. 
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Analysis of the results "loading curve". 
 A first conclusion of the load curve analysis is that regardless of the method of 
manufacturing the porous medium or wick the smaller the pore size the greater its 
pumping capacity.  
 The most used technique in wick manufacture for two-phase, capillary pumping 
devices is the powder sintering. Basically because of its low manufacturing cost and  
good performance. Considering the slopes of the height vs time loading curves the 
result is that of figure 3.22. 
 
Figure 3.22: SLM compared to sintering for a similar pore size 
As can be seen, apart from the influence of the wettability, the scaffol presents a higher 
advance speed than others techniques, specifically compared with that of copper sintering. This 
demonstrates the SLM technique goodness to create porous media for two-phase devices. On the 
other hand, there would be the porous media  tortuosity which will be discussed below. 
3.3.2- Permeability 
In this section we intend to experimentally determine the effect of pore size and porosity on 
the permeability of the medium, as well as the internal structure or tortuosity. For this, samples 
of different pore sizes are tested and constructed with different techniques such as sintering, 3D 
printing "SLM", foam. 
A scanning electron microscope "JEOL-JSM5900LV" was used to determine the pore size, 
while the porosity was determined by measuring the size and weight of the samples. 
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 Foams 
Four samples of 30, 40, 50 and 80 ppi (pores per inch) ceramic foams were analyzed, each 
with the pore size and porosity characteristics collected in Table 3.4 and a thickness of 50 mm. 
Table 3.4: Pore size and porosity of 30, 40, 50 and 80 ppi foams. 
Espuma tipo 
(ppi) 
Tamaño poro 
(μm) Porosidad 
30 972 0.89 
40 705 0.886 
50 632 0.863 
80 392 0.858 
With the equipment shown in Figure 3.9, water flow tests are carried out at low speeds (0-
0.0012 m/s) in order to obtain the Darcy curve from which to obtain the foam permeability, 
figure 3.23. 
 
Figure 3.23: Darcy law for a 30ppi ceramic foam structure and water. 
As mentioned in section 3.2.3, the permeability is obtained from the loading curve slope. The 
same procedure is performed for each of the remaining samples whose permeability is plotted in 
Figure 3.24. 
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Figure 3.24: Permeability as function of pore size with water as fluid. 
As shown, the permeability presents an upward linear behavior with pore size, the larger the 
pore size the greater the permeability [16-19]. 
 Sintered 
It is analysed the permeability curve versus pore size for the case of Copper powder sintering. 
For this purpose, samples of Copper powder sintering with the same characteristics as those used 
in obtaining the loading curve, section 3.3.1, are considered. First, the Darcy curve for each 
sample is obtained as a function of the flow rate. Figure 3.25 shows the one corresponding to the 
pore size of 95μm. The fluid used is water. 
 
Figure 3.25: Darcy law for a 95µm pore size cupper sintering; 
Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO 
thermal superconductor device with   Dpto. INGENIERÍA MINERA Y METALÚRGICA 
multicondensers   Y CIENCIA DE LOS MATERIALES 
 
Chapter 3   62 
From these curves the permeability of each of the samples are obtained, figure 3.26. 
 
Figure 3.26: Permeability versus pore size in a cupper powder sintering, water as fluid 
As can be seen from Figure 3.25, the larger the pore size the greater the permeability. Also 
this growth proves to be linear with the pore size. 
  3D Printing, "SLM” 
The same scaffol samples used in the loading curve determination are taken and the same 
procedure as that for permeability is followed. In this case the flow rate, Darcy regime, 
employed is (0-0.01 m / s) with water as working fluid, figure 3.27. 
 
Figure 3.27: Darcy law for a SLM escaffol of 90µm capillary; 
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Carrying out the same process for three different diameters, Figure 3.28 shows the effect of 
capillary size on permeability. 
 
Figure 3.28: Permeability versus capillary size of the Escaffol-SLM, water as fluid 
As expected the permeability increases linearly with pore size.. 
Analysis of the results "permeability” 
 The permeability increases with pore size regardless of the technology used to 
manufacture the porous medium. 
 At equal 90 μm pore size, it results that the SLM has a permeability of 1.16x10-10 
versus 5.62x10-10 of the ceramic foam and 4.9x10-12 copper sintering, figure 3.29. 
Although the permeability of the escaffol is lower than that of the foam and two orders 
of magnitude higher than that of the copper sintering, it must be said that the scaffol 
porosity (46%) is lower than that of the foam (80%) and the sintering (57%). Another 
issue revealed in this comparison is the pores arrangement inside the porous media , 
the so called tortuosity, which is defined as the path the fluid travels through the 
medium from the entrance to the outlet. Intuitively, the more complex this pathway is, 
the lower the permeability [20, 21]. This is clearly observed when comparing the 
permeability of the powder sintering and the escaffol which is two orders of 
magnitude higher than that of the powder sintering for equal pore size and porosity.  
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Figure 3.29: Comparison of permeabilities for an identical pore size of approximately 90μm 
 At equal porosity, around 60%, the scaffol permeability (9.1x10-10) is slightly superior 
to the ceramic foam (8.4x10-10) and well above that of the copper powder sintering 
(4.9x10-12), figure 3.30. In this case both foam and scaffol have a similar pore size, 
around 200μm, while the sintering is 90μm. 
 
Figure 3.30: Comparison of permeabilities for an identical porosity 60% 
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4.1 Introduction 
The electronic world, LED devices and thermoelectricity among others, technically 
evolve in a vertiginous way. This allows them to enter markets never before explored, 
what set new technological challenges. Thus, for example, miniaturization in 
electronics, light quality of LEDs [1-3], the thermoelectric efficiency, durability, etc., 
present a challenge in terms of heat management, that's to say, in terms of temperature 
control at components level. Traditional technologies, liquid cooling [4, 5] or air [6-8], in 
many applications are no longer valid because of their large volume. Nowadays market 
requires refrigeration technologies with smaller volume and equal or even higher 
performance than the traditional cooling systems. 
Among these technologies are the so-called Loop Heat Pipes, "LHP". Two-phase 
capillary pumping devices similar to heat pipes [9, 10] but with the advantage that they 
can work equally well for any orientation with respect to gravity.  
Over the last decade, LHPs have been intensively researched thanks to the interest 
they have aroused in the field of electronics cooling [11,12]. All this thanks to: 
 • they have a greater heat transpor capacity for equal of dimensions 
 • they have very low thermal resistance 
 • by its design, allow a huge variety of designs expanding the range of 
possible applications 
 • they perform efficiently for any orientation with respect to gravity. 
As a consequence of the above, LHPs have aroused a great commercial interest. 
Nevertheless, due to their manufacturing complexity and difficult operation, there are 
very few technical information available in open literature (this remains within the 
developers know -how).  
Developers of this type of devices have progressively evolved from the traditional 
"test & error" methodology to a simulation-based methodology. Simulation 
methodology based mainly on a stationary approach of the Navier-Stokes equations 
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(mass, momentum and energy conservation) [13-16]. These models have mainly worked 
on flat evaporators [17,18] as they better fulfil the electronics cooling requirements. 
However, as these devices application to other sectors progress, LED illumination, for 
example, heat source shapes vary from one application to other what requires other 
evaporator geometries, such as cylindrical [19, 20]. 
The stationary approach of this type of devices is an approach that simulates-predicts 
the LHP steady state operation (representative mode of 90% of the life cycle) but is not 
able to predict behaviour in situations such as: transient effects (start-up, operating 
conditions changes) and effects of the presence of non-condensable gases - progressive 
condensation. Effects that in some applications may be of great interest and that require 
a knowledge and simulation tools capable of addressing the complexity of the 
thermodynamic and hydraulic phenomenon that take place in the LHPs [21]. These 
transient models development is complex and requires a great thermodynamic and fluid-
dynamic knowledge interesting to define or analyze the components behaviour rather 
than the LHP system as a whole. At full system level, transient models are very heavy, 
complex and of doubtful reliability, while the stationary ones are agile and reliable in 
their steady state operation prediction. As far as transient behaviour is concerned, there 
are complete models that predict changes in operating conditions and / or start-up [22]. 
However, steady state models are the most widespread for the LHP design since steady 
state behaviour represents 90% or more of such devices' operating time and therefore 
their design must be focused on optimizing such mode of operation. In this chapter we 
present a steady state model for the design of LHPs with flat evaporator in which the 
heat transfer towards the compensation chamber is not given by an external input, as 
current models, but is determined by the model itself. 
4.2 Model's Development 
This section describes the analytical model developed to predict the LHP's operation. 
It is a model that simulates the LHP steady state operating and determines the influence 
of certain parameters on the LHP's heat transfer capacity. Parameters such as: 
 radius and length of steam pipe 
 condensing temperature 
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 thickness and typology of the primary wick 
 type of working fluid, type of material the wick is made of and container 
material 
 dimensions of the heat source and its maximum permissible temperature 
Figure 4.1 shows a LHP scheme, components and operation. 
 
Figure 4.1: LHP diagram showing the constituent elements. 
The operation of this type of devices is as follows. The refrigerant, which is inside 
the evaporator (low pressure and temperature), is pumped by capillarity through the 
primary wick to the outside of the evaporator. In this outer zone of the evaporator the 
heat generated by the component to be cooled (heat source) is absorbed. This causes the 
refrigerant to evaporate (high temperature and pressure) and accumulate in the 
discharge area of the evaporator before exiting the high temperature (red) vapor line. 
The steam flows through the vapor line until it reaches the condenser where heat is 
rejected to the environment causing the working fluid condensation (liquid state). From 
here, liquid flows through the liquid line until it enters again into the evaporator sine, 
passing previously through the compensation chamber. Through the secondary wick 
liquid is pumped from the compensation chamber into the evaporator sine when the 
return liquid does not satisfy the amount of liquid required for evaporation (changes in 
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heat loads). Liquid evaporates at the primary wick periphery and flows to the 
longitudinal channels disposed therein and from there towards the discharge chamber 
before exiting to vapor line. 
4.2.1- Brief description of the components: 
Usually, wicks are defined with the following criteria: primary wick with very fine 
pore sizes in order to increase the LHP pumping capacity and ensure refrigerant 
circulation; secondary wick with larger pore sizes in order to reduce the pressure losses 
induced by the passage of the refrigerant therethrough when liquid is supplied from the 
compensation chamber to the evaporator. 
The compensation chamber has two fundamental functions: on one hand, to house 
the excess of refrigerant that could be produced in the device and on the other hand, to 
ensure a continuous supply of refrigerant to the evaporator [23]. 
The evaporator function is to absorb the heat generated by the source / component to 
be cooled by means of the refrigerant evaporation. 
The condenser is responsible for expelling the heat absorbed to the environment by 
means of the refrigerant condensation. 
The fact that the evaporator and the compensation chamber are physically joined 
through the secondary wick not only prevents hot spots from appearing on the primary 
wick but also ensures that the steam remains in the evaporator. The compensation 
chamber keeps at the saturation temperature corresponding to the pressure therein in 
which the liquid and gaseous phase coexist. 
4.2.2- Mathematical formulation 
This section presents the steady state N-S equations for each of the components 
constituting a LHP which define the mathematical expressins representing the LHP's 
operating mode. Given the general geometric characteristics of these devices, LHP, 
there are a number of assumptions that apply to conservation laws (mass, momentum, 
energy) without risk of error, these are:: 
 axial symmetry 
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 one-dimensional approach 
 incompressible, viscous fluid 
Despite the developments made on the mathematical models representing this kind of 
systems, there still exist a lack of understanding, at the analytical level, on how the 
different physical phenomena occurring in this type of devices take place. Thus for 
example micro LHPs present additional difficulties as a consequence of the treatment at 
micro-scale in which continuous media approach is questioned [24-26].  
Energy balance: 
In Figure 4.2, heat flows along the evaporator and condensation chamber are shown. 
It shows the heat load coming from the generation source "QL" wich must be given as 
an input to the model.  
 
Figure 4.2: General heat flux directions. 
Unlike a conventional LHP, there is no specific condensation zone. It occurs at some 
point along the vapor and liquid line. Therefore, there is not an specific energy balance 
in the condenser but along the circulation lines (vapor and liquid).  
Evaporator-source 
Not all heat load "QL" is absorbed by the evaporator [27,28], part of it flows through 
the evaporator housing towards the compensation chamber, "Qe_cc", another part is 
transmitted to the interior of the evaporator, "Qe" and another part leaks to the 
environment. In our case, we assume that it is perfectly thermally insulated, so that this 
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thermal leakage to the environment is zero. The energy balance under these conditions 
is: 
cceeL QQQ _

       (1) 
Inside the evaporator, the incoming heat, "Qe", is distributed as shown in figure 4.3. 
 
Figure 4.3: Heat flux through the evaporator. 
Evaporator-primary wick 
One part of the heat that enters the evaporator "Qe" is transmitted to the steam in the 
primary wick channels "Qcan", and another part goes towards the primary wick "Qw". 
Therefore: 
canwe QQQ

       (2) 
Where: 
 eFee TTGQ 

;  cceccecce TTGQ 

__ ;  1weww TTGQ 

;  
 canecancancan TTAhQ 

 
Where "Ge" is the thermal conductance of the evaporator housing plus that of the 
evaporator-heat source contact, "Ge_cc" is the sum of the evaporator and compensation-
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chamber housing thermal conductances. The coefficient "Gw" is the sum of the thermal 
conductance of the wick and that of the contact between wick and evaporator housing. 
Being a porous medium, its thermal conductance will be a weighting of the thermal 
conductance of the solid matrix and that of the liquid (assuming a wick totally 
saturated of liquid). "hcan" is the convective heat transfer coefficient on the channels 
walls and "Acan" is the corresponding heat transfer surface. 
 As a cylindrical arrangement the thermal conductance is defined as: 
 
 122,1
2
rrLn
LG ss
  
“κ” permeabilidad del wick 
 
 
Figure 4.4: Thermal conduction scheme. 
 
Primary wick 
The heat transferred to the primary wick "Qw" is divided into three parts, one part is 
intended to evaporate liquid at the "Qλ" interface, another part to heat the sub-cooling 
liquid entering the evaporator core from the line Liquid "Qsub" and a third part flows 
through the secondary wick in the axial direction "Qfa". Energy balance at this 
component is: 
fasubw QQQQ

       (3) 
Where: 
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vmQ

  ;  1,1, wlwlvlPsub TTmCQ  

;
  CClvWlvCCWfa TTGQ ,1,,2 

  
2
1,1,
1
wlwlv
w
TT
T

          (4) 
 
Vapour channels 
The steam trapped into the channels and coming from the liquid evaporation at the 
interface of the primary wick is reheated to the temperature corresponding to the 
pressure at the vapour line inlet (vapour reservoir). Thus, the energy balance in this 
element indicates: 
 caninvvPcan TTmCQ 

,        
 (5) 
1,wlvcan TT           
 (6) 
Liquid and vapour lines 
Since both lines have the same diameter "D" and the steady state is considered, the 
energy conservation equation for each of them is: 
perdv
outv
v
outvoutvvoutPv
inv
v
invinvvinPv Q
mPTmCmPTmC ,
,
,,,
,
,,,






  (7) 
perdl
outl
l
outlLfloutPl
inl
l
inlsublinPl Q
mPTmCmPTmC ,
,
,,
,
,,






       (8) 
Being "Qv, perd and Ql, perd" the heat losses along the vapor and liquid line respectively. 
Compensation chamber 
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Saturation conditions are assumed inside the chamber, vapor and liquid coexist 
throughout the operation of the device. If we look at figure 4.2, the energy balance is as 
follows: 
Lfccambccfacce QQQQ __



  
The heat coming into the compensation chamber, "Qe_cc and Qfa" is equal to the heat 
being lost to the "Qcc_amb" environment plus that which is inverted in preheating the 
subcooled liquid through the wall of the bayonet entering through the liquid line 
"Qcc_Lf". As the system is totally thermally insulated., 0_ 

ambccQ . 
Lfccfacce QQQ _



      (9) 
Where  
 LfccLfccLfcc TTGQ 

__  
Condensing zone 
As discussed above, in this device there is no specific zone of condensation but it 
occurs somewhere along the lines of vapor and liquid. Along these lines, the "Qout" heat 
extraction is given by: the steam cooling "Qsv" (sensitive heat), the condensation 
(change of phase) "Qλ" and the liquid cooling (sensitive heat) "Qsub". 
subSvout QQQQ

       (10) 
Being: 
lmQ

  ;     csatPvvvPSv TTmCQ 

, ;      subcllPsub TTmCQ 

,  
By making an energy balance to the whole LHP device, assuming that it is totally 
thermally insulated (except the source, and a section of the liquid and vapor line), the 
heat of the source coming into the evaporator "Qe" has to be evacuated throughout the 
condensation "Qout". 
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eout QQ

        (11) 
Momentum balance: 
Liquid, vapour lines. 
This law establishes that the sum of forces on the control volume is equal to the 
variation of momentum. For the particular case of steady state: 
)V(. int entradasalida VmGFAPF





  
 
For the particular case that the entrance and exit have the same orientation and pipe 
is in horizontal position (/Vsalida/ = /Ventrada the momentum conservation along the 
stream line results in:  
)().().( 'int DirAAfricentradasalida FFFFAPAP  ; “Fint” Is the sum of 
the viscous frictional forces along the tube "Ffric" , the forces that cause the fluid to 
change direction "FDir" and the forces that are generated by passing the fluid through a 
narrowing or widening, "FAA'". Clearing the cross-sectional area "A" of the above 
equation results: 



 
A
FFF
PP DirAAfricentradasalida
')()( ……  DirAAfric PPPP  '  
This equation indicates that the total head loss in the duct is the sum of friction head 
losses and those due to direction and section changes.  
A
DLP fric
 ;                   
2
2vP DirDir  ;                2
2
''
vP AAAA  .  
Being "D" pipe diameter, "A" pipe cross section, "L" pipe length, "" shear stresses 
on the pipe wall, "KDir" the dimensionless coefficient of head loss due to flow direction 
change and "KAA'" the dimensionless coefficient of head loss due to cross section 
change. 
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In the case of friction head losses, by using the dimensionless loss parameter “f”  
2
8
v
f

 , the Darcy-Weisbach equation for straight tubes is obtained: 
fu
D
LPfric .2
1 2 ;   
Where “f” is: 
For laminar regime:             Re
64f ;    
For turbulent regime:  
                           25.0Re
316.0f      Re<105  
        ó 
                        










 9.0Re
74.5
7.3
log.21
D
D
Rug
f     (Prabhata); being “Rug” 
 wall roughness 
         alternatively, the Moody diagram can be used directly 
(diagram which is a function of Reynolds number and 
roughness). 
It follows that the loss of pressure in the duct (liquid and vapor line) is: 



  ivvAADirvvvcsatinv k
vkkf
D
LvPP
22
2
'
2
,,

  (12) 



  jllAADirlLLoutlcsat k
vkkf
D
LvPP
22
2
'
2
,,

  (13) 
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Evaporator. 
Assuming: one-dimensional flow in radial direction, negligible mass forces and 
totally saturated wick, the momentum equation (11) is reduced to Darcy's law: 
 
wl
ll
w
wl
lfricoutlllv L
mvRPPP


2,,

  KK    (14) 
Where "vw" is the forward velocity through the primary wick, "Rw" the outer radius 
of the primary wick, "Pinterf" liquid pressure at the meniscus interface, "Pl, out" the liquid 
pressure in the evaporator core (equal to the liquid line inlet pressure) and "K" the 
wick's permeability [m2]. 
On the other hand, the LHP's driving force is the capillary pressure, "ΔPcap"  which is 
generated in the "reff" meniscus of the primary wick. Pressure that must be greater than 
or equal to the head loss throughout the LHP circuit, “ΔPtot”. Thus: 
 
eff
capllvvlvtot r
PPPP 2,,         (15) 
Being:            invvlv PP ,,         (16) 
Condensing zone. 
In the condensing zone, there coexist a two-phase fluid homogeneous (the velocities 
of the liquid and the gas are equal, there is no slip between phases) and in equilibrium 
(perfectly mixed having both phases equal temperature and pressure). This approach is 
almost always suitable for modelling an LHP (most of LHP applications), however, 
advanced models for two-phase flows can be used [29] in applications (exceptional 
cases) where the previous simplistic approach gives erroneous predictions. These are 
applications in which, for example: it is critical to determine the vapor fraction, it is 
necessary to know the transient movement of the liquid or when considering a non-
equilibrium flow. 
Momentum in the condensing zone, assuming annular condensation, is divided into 
three parts: the condensate film on the pipe's wall, the vapour in the pipe core and the 
interface between them [30, 31]. In the case of the present thesis a simple model is 
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proposed [32] in which the transition zone from vapor to liquid is not considered. This 
transition zone is included in the vapor line with the vapour properties for such fluid (in 
fact would be that of the mixture). However, their inclusion would require an equation 
of momentum along this transition (condensing) length "Lcond" given by: 
fm
D
L
A
PP cond
mez
inloutv .
1
2
1 2
,, 




  
Where "ρmez and 

m " are density and mass flow of the two-phase mixture (liquid and 
vapor). Density is calculated by weighting the density values of each phase, the so 
called "title, x". 
 
lvmez
xx

 11 ;  
Fluid title is obtained from the energy conservation equation in the condensing zone 
and that for the heat transfer whose coefficient of condensation is given by the 
following expression for turbulent flows Re <35000: 
 4
32K555,0
mezcl
ll
c TTD
gh




, being Tmez the temperature of the mixture as it is 
condensing and Tc is the condensing temperature. 
Nevertheless, this two-phase approach is left as an open line for future developments 
in this field. 
As stated, transient length is some zone in the vapor line in which condensation 
interface is anchored at the vapour line outlet, Figure 4.5. 
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Figure 4.5: Condensing process. 
The system of equations above is closed with the incorporation of the state equations 
as well as the Clausius Clapeyron equation that relates the pressure to temperature in a 
phase change process for a mono-component system like this. These relationships as 
well as the rest of the fluid properties (density, viscosity, specific heat, latent heat, etc.) 
are obtained from the thermodynamic database that the Engineering Equation Solver 
(EES) has got. This tool is also used to solve the system of equations that represents the 
LHP operation. 
As far as the wick's conductivity is concerned, the following exponential equation is 
considered [33]: 
53.0




l
matriz
leff K
KKK  
It is also considered that:  
)( 1,,, wlvsatvlvinve TPPPP        (17) 
Being “Psat(Tv-l,w1)” the saturation pressure corresponding to the temperature at the 
interface of the meniscus in the primary wick.. 
Mass balance: 
As steady state, it turns out that 

 mmm lv     (18) 
With all the above a set of equations (18) with its corresponding unknowns 
(pressures and temperatures) is obtainded. As input data are: QL, TF, Tc, LHP geometry, 
fluid type.  
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Such set of equations is introduced into the EES solver which runs the calculus 
following an iterative calculation algorithm, figure 4.6. 
 
Figure 4.6: Algorithm of calculation. 
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4.3 Results 
4.3.1- Validation. 
This mathematical model with its corresponding iterative algorithm is run for a 
specific application with the following characteristics: 80W luminaire “QL = 80W”, 
70ºC maximum temperature in the heat source “TF = 70ºC”, those input parameters 
shown in table 4.1 and the geometric dimensions already introduced to the model. 
Table 4.1: Input data 
 
Validation is done by comparing the results predicted by the model with those 
obtained experimentally with an LHP whose characteristics are shown in Table 4.2. 
Table 4.2: Geometric characteristics of LHP's prototype 
 
Methanol is the working fluid. The body of the LHP is copper, wick of the stainless 
steel and with general dimensions shown in figure 4.7. 
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Primary wick 
Liquid line 
Vapour line 
30mm 
20mm 
22mm 
20mm 
22mm 
30mm 
Secondary wick 
 
 
 
 
 
 
 
Figura 4.7: Some dimensions of the experimental LHP. 
 
Also, Figure 4.8 shows the LHP test assembly. The source is an LED that is mounted 
on the evaporator and attached to it by means of screws. 
 
Figure 4.8: Experimental test bench. 
 
Except for the contact surface of the LED with the evaporator, the rest of the 
evaporator surfaces are thermally insulated. 
Validation was carried out with two tests: one with different "QL" thermal loads and 
the other with different "Tc" condensing temperatures. The comparison between the 
predicted and experimental temperature at the evaporator (operating temperature) for 
both tests is shown in figure 4.9 and 4.10. 
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Figure 4.9: Comparison between the predicted and experimental LHP operating temperature as a 
function of the heat load. 25ºC condensing temperature. 
As seen from figure 4.9, the predicted values are slightly higher than those measured 
exprimentally, however this deviation is less than 4%. 
With respect to the condensation temperature "Tc", figure 4.10 shows a very good 
correlation between the predicted value and the experimental value, with a deviation 
around 3%. It is verified that for values of condensation temperature below 28 ° C, the 
predicted value is lower than the experimental data while for higher values the situation 
is reversed. 
 
Figure 4.10: Comparison between the predicted and experimental LHP operating temperature as a 
function of the condensing temperature. 60w heat load 
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A remarkable issue from the results of figure 4.10 is that the higher the condensing 
temperature, the lower the operating temperature, contradictory to what the intuition 
marks. However, it has its reason to be when the thermal load "QL" is less than a critical 
value (depends on the fluid and configuration of the LHP). When this situation occurs, 
as in figure 4.10, the heat leaking from the evaporator to the compensation chamber 
increases as the condensation temperature decreases, which causes an increase in the 
temperature of the compensation chamber and, consequently, in the Operating 
temperature [34, 35]. When heat  load is higher than this critical value, the behavior 
corresponds to the intuition, the lower the condensing temperature the lower the 
operating temperature. 
In order to quantify the variations between the measured data (exp), and the 
numerical outcomes (model), the square of the Pearson product moment correlation 
coefficient was calculated  "R2". Coefficient that gives an idea of the linear arrangement 
between two variables (tmodel and experimental). A value R2 = 1 indicates a linear 
arrangement between both variables and therefore total coincidence between the values 
of both variables. This coefficient value is shown in figure 4.11. 
 
Figure 4.11: Pearson's correlation coefficient squared for both two trials 
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As can be seen, both tests show a coefficient almost 1, which demonstrates a good 
prediction and therefore the model validation. 
4.3.2- Effect of vapour line length and radius. 
Figure 4.12 shows the dependence of the operating temperature with the pipe radius 
(liquid and vapor line) and the length of the steam line "Lv". The condensation 
temperature remains constant and equal to 10 ° C.  
 
 
 
 
 
 
   
 
 
 
 
 
 
Figure 4.12: Dependence of operating temperature with radius, steam line length and wick thickness 
In this figure for a given wick thickness, the greater the length of the vapor line the 
greater the operating temperature. This is due to fact that the longer pipe the larger the 
head loss and since the condensing temperature is fixed (saturation Pressure) it results 
that the evaporator pressure increases and so does its temperature (operating 
temperature). Regarding pipe radius, as it increases, the operating temperature decreases 
exponentially (for a given wick thickness). This is because the higher the radius, the 
Lv = 0.1 m 
Lv = 0.2 m 
Lv = 0.3 m 
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lower the head loss in the vapor line and therefore, for a fixed condensing temperature, 
the lower the pressure in the evaporator and consequently its temperature (operating 
temperature). Figure 4.13 shows this behaviour. For a 20ºC condensing temperature, the 
behaviour is identical for any pipe length. 
 
Figure 4.13. Operating temperature vs tube radius for a condensation temperature of Tc = 20 ° C for a 
length of steam pipe of a) lv = 0.1m, b) lv = 0.2 m and c) lv = 0.3 m. 
From 4.13, it is easily checked that the larger the vapour line length, the higher the 
evaporation temperature consequence of a greater pressure loss. The existence of a 
critical radius value is also corroborated. Radius from which the temperatures hardly 
change whatever the pipe radius or the length are. Numerically, it is observed that an 
increase of the vapour line length from 0.1m to 0.3m, for a constant Tc = 20ºC, results 
in 80% operating temperature increases for given 1mm pipe radius. 
Regarding wick thickness, its effect on the operating temperature is negligible. This 
indicates that the primary wick capillary pumping (fixed element) "loading curve of 
chapter 3" is larger than that required to pump through the LHP the required mass flow 
rate (established by the thermal loads to be evacuated and Type fluid). 
4.3.3- Effect of condensing temperature. 
Figure 4.14 shows the behaviour of the operating temperature for different 
condensing temperatures. 
Lv=0.1 m Lv=0.2 m Lv=0.3 m 
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Figure 4.14: Operating temperature vs condensing temperature, Lv=0.2m, QL=60w 
In general, it is verified that as the condensation temperature rises, so does the 
operating temperature. It is also observed a peculiar behaviour for a pipe radius of 1.5 
10-3 m. In this case, as the condensation temperature decreases, the operating 
temperature will also decrease until a critical value (20 ° C in this case) is reached. 
From this critical value, a progressive decrease in the condensing temperature causes an 
increase in temperature of operation, figure 4.15. This type of behaviour occurs for a 
combination of thermal load, pipe radius and condensing temperature. The question is to 
find out this combination so that it does not appear during the LHP operation, ie, the 
allowable operating range has to ensure that the LHP operates in the growing zone of 
the T-operation vs. T-condensation curve.  
 
Figure 4.15: Operating temperature vs condensing temperature, critical radius = 1.5 10-3 m; 
Lv=0.2m, 
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This decrease in the operating temperature when increasing the condensation 
temperature, until a minimum value, is the result of the heat leak from the evaporator to 
the compensation chamber, figure 4.16. When the condensing temperature is low, or 
below a specific value depending on the LHP design, it turns out that much of the heat 
from the source is transferred to the compensation chamber through the evaporator 
casing reducing so the heat used in the evaporation of the refrigerant. By having a 
smaller amount of heat in the evaporator, it results that the superheating capacity of the 
steam is reduced and consequently its temperature (operating temperature). 
 
Figure 4.16: Heat leak to the C Chamber vs condensing temperature. Pipe radius = 1.5 10-3 m 
The behavior of the operating temperature against the condensing temperature and 
pipe radius is ploted in figure 4.17. Likewise, there is a critical radius from which the 
operating temperature remains invariant with the pipe radius whatever the condensing 
temperature. 
 
Figure 4.17: Operating temperature vs tube radius for a tube length "Lv = 0.2m" and condensing 
temperatures: a) Tc = 10 °C, b) Tc = 20 °C and c) Tc = 30 °C. 
 
Tc=10ºC Tc=20ºC Tc=30ºC 
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If 1mm pipe radius is considered, it turns out that as the condensing temperature 
increases so does the operating temperature. This confirms the behaviour of figure 4.15. 
Thus, all parameters are linked together and have their effect on the LHP operation. 
Table 4.3 lists those combinations of geometric and operating parameters that ensure an 
operating temperature below the allowed limit value of 70 °C. 
Table 4.3. Combination of parameters allowing Te <70 ° C 
 
Finally, Figure 4.18 shows the behavior predicted by the model as a function of the 
evaporating latent heat "Qlatent" as well as the heat leaked to the "Qleak" compensation 
chamber, for a given "QL = 80w" heat load. Values are all based on the condensing 
temperature, pipe radius and vapour line length. 
 
a) 
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b) 
  
c) 
Figure 4.18: Latent heat and leakage heat (QL = 80w) depending on the radius of the tube and the 
length of the vapor tube for three different condensing temperatures: a) Tc = 10 °C, b) Tc = 20 °C and c) 
Tc = 30 °C 
Some numbers. For the case of: Tc = 10 ° C, 0.3m vapour line length and 1mm pipe 
radius, it is observed that 75% of the heat is used for evaporation while a 25% is lost by 
leaks to the compensation chamber. This LHP design should be improved in order to 
reduce the heat leakage. 
 
4.4 Conclusions 
 A stationary numerical model has been developed with a mathematical 
definition of the heat transfer coefficient towards the compensation chamber. 
Coefficient that allows to determine, depending on the geometric design and 
materials, the heat leakage from the evaporator to the compensation chamber 
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unlike most of the steady state models that consider this as an input parameter 
what requires a deep knowledge of thermodynamics by the user. 
 Model validation shows a very good correspondence with the experimental 
values (less than 4% of drift) and therefore its appropriateness as a steady 
state LHP design tool.  
 The model allows to check the effect of certain parameters on the operating 
temperature:  
 Both condensing temperature and vapour line length affect directly 
the operating temperature, ie as they increase, so does the operating 
temperature.  
 There is a pipe radius below which the operating temperature is 
inversely proportional to the pipe radius, ie if the radius increases the 
operating temperature exponentially decreases. However, from this 
radius, the temperature variation is almost zero.  
 As regards the condensing temperature, the model detects an atypic 
behaviour of the LHP when the condensing temperature is below a 
singular value. Value that depends on the geometric characteristics, 
materials and operating conditions (thermal load). It turns out that, 
for values below the singular value, a decrease in the condensing 
temperature results in an increase in the operating temperature. This, 
in turn, results in an increase in the percentage of the thermal load 
leaking from the evaporator to the compensation chamber and thus a 
decrease in the LHP cooling capacity. 
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Chapter 5. Manufacturing and experimental testing of the 
LHP. 
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5.1 Introduction 
Chapter 4 describes the mathematical model developed for LHP design. In chapter 5 
a prototype LHP for a specific application is developed. Prior the LHP development / 
manufacturing, thermal characterizations of the used wicks (primary and secondary) are 
performed in order to satisfy the thermal-fluidic requirements that any application 
requires. Finally, the LHP is assembled to proceed with the operating tests. 
 
5.2 Primary Wick 
As discussed in Chapter 3, the wick is the key piece in the capability and 
functionality of a LHPs. The different manufacturing techniques used to create such 
components determine the future capacity of the device very much. In the present thesis, 
the manufacturing technology used is the 3D laser printing, "SLM, Selective Laser 
Melting" technology due to the benefits described and analysed in chapter 3, among 
them the greater permeability to the refrigerant flow [1 , 2]. 
In the primary wick manufacturing process by SLM, the first step is to generate the 
wick's CAD file containing the its geometry (external passages and external channels, 
type of material). This file is subsequently loaded into the 280 HL printer with a series 
of manufacturing specifications, Table 5.1. 
Table 5.1: Technical specifications for the 280 HL printer 
Item Value 
Build Envelope (L x W x H) 280 x 280 x 365 mm³ 
3D Optics Configuration Dual (1x 400 W und 1x 1000 W); IPG fiber laser   
Build Rate up to 55 cm³/h   
Variable Layer Thickness 20 µm - 75 µm   
Min. Feature Size 150 µm   
Beam Focus Diameter 80 - 115 µm   
Max. Scan Speed 10 m/s   
Average Inert Gas Consumption in Process 2,5 l/min (argon)   
Average Inert Gas Consumption Purging 70 l /min (argon)   
E-Connection / Power Input 400 Volt 3NPE, 32 A, 50/60 Hz, 3,5 - 5,5 kW   
Compressed Air Requirement / Consumption ISO 8573-1:2010 [1:4:1], 50 l/min @ 6 bar   
Laser intensity, radius of action, powder supply flow, dust matrix, layer depth, etc. 
are then adjusted in the printer to begin manufacturing, figure 5.1. 
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Figure 5.1: SLM 3D additive process. Courtesy of LORTEK 
At the end, the desired product is obtained with the external and internal shape of the 
design to fulfil its function [3], figure 5.2. 
  
Figure 5.2 a) Primary kick external appearance, b) internal passages 
Once fabricated, its fluidic-thermal characterization is carried out. Characterization 
obtained through 4 tests that allow the determination of parameters such as: 
permeability, wettability, capillary pumping and thermal conductivity. 
 
 
 
 
 
 
Axial grooves 
a) b) 
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5.2.1-Permeability, “K” 
As described in Chapter 3, the permeability measures the ability of the porous 
structure to let a liquid flow through it. The experimental determination of this 
parameter is carried out with a permeability test bench, figure 5.3. 
 
 
Figure 5.3: Porous media permeability equipment 
It is a closed circuit in which the fluid circulates thanks to the capillary action 
through the sample whose permeability is intended to be determined. The fluid is 
Sample holder 
Differential pressure gauge 
Reservoir 
Pump 
Flowmeter 
By-pass 
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discharged and aspirated from a reservoir which acts as a deaerator and pressure 
damper.  
The sample holder has two pressure ports, one before and another just after the 
sample, where a differential pressure gauge that measures the pressure drop throught the 
sample is connected. The fluid flowing through the sample is measured with a flow 
meter. In order to have a finer control of the flow, due to pump limitations, the circuit 
has a bypass that allows to reduce the flow through the sample to levels in which the 
viscous friction force is predominant versus inertial force. In such a case, Darcy's law 
that linearly relates pressure drop to the flow rate (velocity) is applicable. The 
proportional coefficient is the so-called permeability, “K (m2)” 
L
PAQ

 K          (1) 
Being: “A”, The wick  cross-section, "ΔP" the pressure drop along the wick, "μ" 
fluid dynamic viscosity, "L" the wick thickness and "Q" the flow rate. (m3/s) [4]. 
Thus, obtaining the permeability consists of plotting the curve P/Q (pressure 
drop/flow rate), figure 5.4. To do this, several tests are carried out in the test bench 
where pressure drop is recorded for any flow rate flowing through the wick, low 
Reynold numbers. Then, the wick permeability value is determined. (1.25 10-12 m2). 
 
Figure 5.4: Pressure/Velocity curve for the 90µm escaffol 
5.2.2- Wettability- Capillary Pumping, “φ” 
Wettability is a surface property by which a surface presents avidity for or repulsion 
of a liquid (interaction between superficial molecules of the liquid and those of the solid 
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which comes in contact with it). This is defined by the "contact angle" which is the 
angle that forms a liquid drop when deposited on the solid's surface. This method is not 
applicable to porous media because liquid is absorbed, therefore it is indirectly 
determined by the Washburn method or capillary ascent method (depth of penetration of 
the liquid in the Wick) [5]. Three different liquids were used: water, acetone and 
methanol. As a qualitative mode, in order to observe whether drop penetrates into the 
wick and how fast it does, a drop is poured on the wick, figure 5.5. 
   
Figure 5.5 Drop evolution. a) drop of water after 1 minute; b) acetone drop after 1 second; c) 
methanol drop after 1 second 
These are photographs taken with an optical microscope at the moment drop begins 
to penetrate just after its deposition on the wick. In the case of the water drop, it is 
observed that after 1 minute the drop is still on the wik surface what demonstrates the 
low wick absorptivity to water, low wettability. The opposite occurs with acetone and 
methanol, in both cases the drop is absorbed quickly, less than 1 second, showing a high 
wettability.  
This is a quick, simple but qualitative procedure to measure how well or badly a fluid 
wets the wick. A more quantitative measurement requires of the so-called capillary 
ascent method (height ascension versus time), Washburn, described in Chapter 3. Figure 
5.6 shows images of the experiment for the three tested fluids. 
 
 
 
a b c
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Figure 5.6: A) water rise after 5 minutes) acetone rise after 1 second; C) methanol rise after 1 second 
As can be seen from figure 5.6, the water ascension is very slow (low height after 5 
minutes), low capillary action, whereas for acetone and methanol this is very fast, high 
capillary action. By registering the raised height versus time, curve V/t, it can be foresee 
the maximum height (asymptote) the wick can pump.  
 
Figure 5.7: Liquid rise curve 
a) b) c) 
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With this maximum height value and equation (2) the value of the contact angle "φ", 
wettability, between wick and fluid is indirectly determined. 
max
cos2 h
ρgr
σ
eff
         (2) 
Table 5.2 shows the contact angles for the three fluids tested: water, acetone and 
methanol. 
Table 5.2: Wick’s contact angles for three liquids 
Fluid Contact angle 
Water >90º 
Methanol 30º 
Acetone 30º 
For this case, the chosen fluid is methanol due to its chemical compatibility with the 
Viton joints used as sealants in the evaporator – compensation chamber. Acetone is not 
compatible with Viton. 
5.2.3-Thermal conductivity “K” 
Thermal conductivity represents the ability of a solid to conduct heat from the hottest 
side to the coldest one. In LHPs this parameter is important not only because of its 
direct impact on the heat transfer to the liquid evaporation but also for its influence on 
the thermal leakage to the compensation chamber. Various configurations and materials 
have been employed and characterized in order to find ad-hoc conductivities [6]. 
In this work, the wick is a single material whose conductivity is measured with the 
commercial equipment "THB - Transient Hot Bridge" of LINSEIS, figure 5.8. 
Equipment that allows to measure the conductivity of solids (dense or porous), liquids 
and powders. 
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Figure 5.8: Thermal conductivity equipment 
Unlike a stationary measuring equipment, THB does not need to reach temperature 
stability (cold-hot side) to measure the thermal conductivity, it is determined by 
measuring the slope of the temperature versus time curve at the first instants of the 
measurement. For the case of the 3D printing wick, the conductivity value turns out to 
be: K = 1.48 W/m K. 
Once the thermal and fluidic characterizations have been completed,  next step is the 
assembly inside the evaporator.  One end of the wick is closed to ensure that the liquid 
flows radially from of the core towards the periphery. The other wick end is left open at 
the core to allow liquid to enter from the liquid line. It is the wick closed end that is 
placed on the evaporator's side close to the inlet vapour line. 
 
5.3. Secondary Wick 
Secondary wick has two clear functions in the LHP. On the one hand, to supply 
liquid to the primary wick (evaporator) when liquid coming from the liquid line is not 
sufficient (transient phenomena) and on the other hand, to absorb any bubbles that are 
generated into the evaporator core [7, 8]. 
This secondary wick is created from a 300μm pitch stainless steel wire mesh, Figure 
5.9. 
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Figure 5.9: Stainless steel mesh image 
This mesh is rolled with three turns in order to create a hollow cylinder with a 7mm 
outer diameter and 0.5mm wall thickness (generated by the three mesh turns). This wick 
is placed in the core of the primary wick and serves as a hydraulic connection between 
the compensation chamber and the primary wick. This link must ensure the liquid 
supply from the compensation chamber to the primary wick to avoid hot spots (areas 
without liquid) that appear when a decompensation between the vapor generated and the 
liquid returning occurs. In case it happens, the LHP heat transfer capacity is reduced.  
5.3.1-Transport capacity “TC” 
The liquid transport capacity of the secondary wick is called the transport capacity 
"TC" and is defined as the thermal load per meter that the secondary wick can transfer 
while keeping the evaporator temperature "T0" [9] constant, i.e. the length that the liquid 
is able to travel through the secondary wick without there being any variation in the 
evaporator temperature. This length depends on the wick characteristics as well as the 
thermal load applied to the evaporator. As known, when applying a thermal load to the 
evaporator a liquid-vapor interface along it is generated. As the heat load increases, the 
interface is no longer levelled along the primary wick, figure 5.10 a). This 
decompensation causes a temperature increase "ΔT = T1-T0" at a given point "S" at the 
interface, figure 5.10 b). 
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Figure 5.10: Temperature drop in the primary wick because of thermal imbalance. 
If the heat load is increasing, then this temperature difference increases to the point 
of drying off part of the primary wick causing an evaporator overheating (large 
temperature rise). To avoid this, given a determined heat load for the LHP, a maximum 
value for this increase "ΔT" (in this case 0.7 ° C) is established when designing a LHP. 
All this requires a maximum value of "TC" for the secondary wick.  
The "TC" or effective length required to transfer the design thermal load "Q" is 
obtained by a simple test as shown in Figure 5.11. 
 
 
 
 
 
 
 
 
 
V
Q  
S 
Leff 
Q 
Primary wick 
Secondary wick 
Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO 
thermal superconductor device with   Dpto. INGENIERÍA MINERA Y METALÚRGICA 
multicondensers   Y CIENCIA DE LOS MATERIALES 
 
Chapter 5  109 
 
 
Figure 5.11: “TC” test for the secondary wick. 
The secondary wick is placed with one end inmersed into a vessel with the liquid to 
be transported and the other end inserted into a heater where the heat load is applied. 
Evaporator temperatures are monitored to observe any excessive temperature increase. 
Heat load is stepwise increased until a temperature rise above the set value is observed. 
If it happens, then the point of the evaporator "S" where it ocurrs is recorded and the 
correponding distance "Leff" is measured. If this length is greater than or equal to the 
physical length required to connect the compensation chamber to the evaporator then 
the secondary wick is correct, otherwise both secondary wick and heat load must be 
modified. For the case of a 80w heat load, "Leff=150mm” while the physical length is 
“L=70mm”. 
LLeff    , then the secondary wick configuration is valid. 
The parameter "TC" is obtained from equation (3) 
].[12 mwLQTC eff 

       (3) 
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5.4. LHP-Results 
Once all the constituent elements and the operating conditions have been defined, the 
assembly of all of them, the refrigerant charge and the experimental tests of operation, 
are performed, figure 5.12. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12: LHP test bench. 
Evaporator 
LED 
Compensation 
chamber 
g 
Condenser 
Vapor 
line 
T3 T4 
T7 (amb) 
Liquid 
line 
T1 T2 T5 T6 T8 
Manometer 
Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO 
thermal superconductor device with   Dpto. INGENIERÍA MINERA Y METALÚRGICA 
multicondensers   Y CIENCIA DE LOS MATERIALES 
 
Chapter 5  111 
The heat source is a BRIDGELUX LED (up to 80w), which is placed directly on one 
side of the evaporator. 
The test bench is equipped with 8 temperature probes "K" type (accuracy ± 0.5 ° C at 
100 ° C), positioned as shown in figure 5.12. T1 just after the evaporator, then T2, T3 
and T4 in points of the condensation zone (start and end theoretically). T5 just before T8 
which is next to the compensation chamber entrance. T6 is placed between the 
evaporator and the compensation chamber. The test bench has a manometer and a power 
supply to power the LED. All this fully controlled and registered. Table 5.3 shows some 
of the equipment characteristics while table 5.4 does for the LHP's components. 
Table 5.3: Characteristics of the equipment 
Item Value 
THERMOCOUPLES  
Type K 
Number 8 
DATALOGGER  
Model ALMEMO 5590-2 v5 
Operating temperature (ºC) -10 to +120 
Humidity of ambient air (%) 10 to 90 
MANOMETER  
Type Bourdon 
Accuracy ±3-2-3% or ±1.6% full scale 
Pressure range (bar) 0-10 
 
Table 5.4: Characteristics of the LHP’s components  
Item Value 
Evaporator 
Volume (mm3) 
Active length(mm) 
Material 
 
2827 
23.2 
Copper 
Compensation Chamber  
Volume (mm3) 
Active length (mm) 
Material 
 
961 
17 
Copper 
Liquid/Vapor line 
Outer diameter (mm) 
Inner diameter (mm) 
Length (mm) 
Material 
 
6 
4 
100 
Copper 
Primary Wick 
Pore radius (m) 
Permeability (m2) 
Porosity (%) 
Thermal conductivity (W/mK) 
Number of grooves 
Outer diameter (mm) 
Inner diameter (mm) 
Length (mm) 
 
80 
1.25 10-12 
17 
1.48 
7 
16 
7 
23 
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Material Stainless steel AISI 316 
Secondary Wick 
Pore radius (m) 
Outer diameter (mm) 
Inner diameter (mm) 
Length (mm) 
Material 
 
300 
7 
6 
70.5 
Stainless steel mesh 
5.4.1- Starting up 
The tests were performed under two different ambient conditions: one at 25°C and 
the other at 35°C. For each of these conditions tests are run for different heat loads. 
These heat load changes allow a progressive LHP start-up [10] so that the LHP is 
automatically activated without any external assistance. 
At start-up, the evaporator temperature rises rapidly even exceeding the limit value 
for a brief period until it drops to the steady operating value. This behaviour depends on 
the initial thermal load, figure 5.13. 
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Figure 5.13: Start at 35ºC ambient for different thermal loads: a) 57 W; b) 120 W. 
As shown in figure 5.13, the LHP device reaches the steady state with a 15ºC 
temperature difference between Evaporator temperature and that of the Compensation 
Chamber whatever the heat load is (57w and 120w). In both cases, no overheating at all 
is observed [11]. This shows that the LHP device has at least capacity to work with 
thermal loads of up to 120w at ambient temperatures of 35°C.  
If we look at the start, it is observed that for the case of 57w the temperatures 
undergo a rise above the steady value that is not observed for the case of 120w. 
Likewise, the times at which temperatures begin to experience a change are different, 
unlike the case at 120w in which all experience variation in unison. They are the 
temperatures closest to the evaporator and C.C that more quickly detect any variation 
what indicates that the evaporator has not started yet and therefore it is not operating as 
two-phase system, ie, no capillary force has been generated (pure conduction). When 
temperatures start to fall (variation of the T3 and T4) the LHP begins to operate, 
circulation of refrigerant. In the case of 120w, the LHP starts operating as such from the 
beginning, without overheating as in the case of 57w, resulting in smoother operation. 
This is because the evaporation takes place from the first moment making the 
refrigerant flow and thus, avoiding overheating. On the other hand, the start times are 
different, longer for the case of low load (57w) and shorter and soft for the case of 
higher load (120w). From this, it is concluded that the LHP presents a more optimal 
b) 
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start-up at 120w heat load, although it is able to operate in an optimal way for both heat 
loads. 
5.4.2- Charge of refrigerant. 
As far as the refrigerant charge is concerned, there is a maximum permissible load. 
This maximum value results from the fulfilment of two LHP constraints [12,13]. Each of 
these restrictions sets a maximum charge when the LHP operates under certain 
conditions. The minimum of these maximums will be the maximum refrigerant charge 
to be introduced into the LHP. One of these restrictions states that when the LHP device 
is at its maximum temperature in non-operation mode (eg in storage), then the volume 
of liquid refrigerant must be less than the total volume of the device; "Vi". The other 
restriction states that when the LHP is at its maximum operating temperature 
(corresponding to its maximum thermal capacity and the most unfavorable condensing 
conditions), the volume of liquid refrigerant must be less than the sum of the volume of 
the liquid line, evaporator core and the compensation chamber; "Vii". 
iii VVoflowerV ,max   
In addition, there is a minimum refrigerant charge, "Vmin", this is one that ensures 
full flooding of the wicks by the refrigerant when the LHP is in storage or non-operation 
mode. If the minimum refrigerant charge value exceeds the maximum charge value, 
then a redesign of the LHP (change in some of its dimensions, usually increasing the 
volume of the compensation chamber) is required. 
If,  minmax VV  LHP redesign. 
In the present case, Vmax = 28gr and Vmin = 16gr. Therefore, the amount of refrigerant 
with which is possible to fill up the LHP is a value between 16 and 28gr. 
Once the refrigerant charge restrictions are fulfilled, an analysis of the refrigerant 
charge effect on the LHP temperatures is carried out. Figure 5.14 shows this effect for 
two different heat loads: 20gr and 22gr. 
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Figure 5.14: Operating temperature as a function of thermal load and the refrigerant charge. 
As can be seen, as the heat load increases, the increase in the operating temperature 
is lower for higher refrigerant charges, ie for high heat loads, higher refrigerant charges 
are preferable. However, for low heat loads, small refrigerant charges are 
recommended. This goes to say that: depending on the heat load to be evacuated and the 
maximum temperature allowed for the heat source, there is a refrigerant charge that 
makes it operate optimally (any other casuistry, for that given refrigerant charge, will 
cause it to operate less optimally). For this case, if the heat load is 55w and the 
maximum permissible operating temperature is less than 80°C, then the optimum 
refrigerant load is 22gr since a lower load means a higher temperature (92°C). Table 5.5 
shows the numerical values of this analysis. 
Table 5.5: Effect of the thermal load on the temperature of the LHP operation. Methanol as 
refrigerant 
Heat Load (W) Operating temperature (ºC) 
Fluid charge 20 (gr) Fluid charge 22(gr) 
28 65  
40 77 75 
50 84  
55 92 78 
70  89 
85  97.5 
Since our heat load is higher, the mass of refrigerant introduced has been 22gr. 
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5.4.3- Condensation/ambient temperature. 
Figure 5.15 shows the behaviour of the LHP when operates at different heat loads 
and for two condensing/ambient temperatures of 25ºC, 5.15 a) and 35ºC 5.15b). 
The process carried out in this test is to start with low heat loads and stepwise 
increase the heat load once the steady state corresponding to the each one is reached. 
During this process the time evolution of the LHP's temperatures is recorded. As plotted 
in figure 5.15, although the start-up in one of the two condensing temperature 
conditions presents a different behavior, as discussed earlier in this chapter, the 
evolution is similar, an increase in heat load implies an increase in temperature. In the 
case of 80w heat load, it is observed that the operating temperature is lower for a higher 
condensing/ambient temperature (explained above in the chapter). 
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Figure 5.15: Temporal evolution of LHP temperatures; a) 25 ° C; b) 35 ° C. 
In any case, the LHP operating temperature is lower at 35ºC condensing temperature 
than it does at 25°C, figure 5.16. 
 
Figure 5.16: Evolution of the LHP operating temperature with the thermal load and the condensing 
temperature. 
From figure 5.16, it is verified that operating temperature increase ratio is 0.66°C per 
thermal watt, 0.66°C/w, for the case of 25°C condensing temperature whereas it is 
0.46°C/w for the case of 35°C condensing temperature. This shows that for high 
condensing temperatures this ratio is lower than for low condensing temperatures. These 
low temperatures of condensation cause a greater subcooling of the return liquid to the 
b) 
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compensation chamber. This, in turn, causes a greater thermal leakage of the evaporator 
towards the compensation chamber resulting in a lower evaporation flow and therefore 
an increase in the temperature in the evaporator [14]. 
However, the parameter that best defines the LHP goodness is its thermal resistance 
"R". This represents the required temperature difference between the subcooling and the 
operating temperature to extract 1 watt of heat.  


Q
TT
R ce  
The lower this thermal resistance, the better the LHP performance. These values are 
plotted in figure 5.17. 
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Figura 5.17: LHP thermal resistance as a function of heat load and condensing temperature 
It is checked that the thermal resistance decreases as the thermal load increases 
regardless of the condensing temperature. Likewise, figure 5.17 plots that this thermal 
resistance is lower at higher condensing temperatures, nevertheless at high heat loads 
this thermal resistance is almost the same for both condensing temperatures.  
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5.5. Conclusions 
 An LHP has been developed and tested, the primary wick of which has been 
developed using 3D laser printing technology, "SLM". 
 Each of the LHP constituent elements (primary, secondary wick and refrigerant 
type) have been carefully analysed and tested in order to assess their 
appropriateness for the intended application (LED luminaire, 80w). 
 The primary wick shows a good compatibility (wettability) with methanol as 
refrigerant, which is the one selected for the LHP. Likewise, the internal 
structural configuration shows suitable values: thermal conductivity, 
permeability, capillary pumping (compared to other manufacturing techniques). 
 Regarding the secondary wick (wire mesh wound 3 turns), its refrigerant 
transport capacity and consequently its maximum length are determined. In this 
case, this length is well above the physical connection length between 
evaporator and compensation chamber. 
 The results show an inverse relation between operating temperature and 
condensing temperature, the lower the condensing temperature, the higher the 
operating temperature. This is a consequence of the thermal contact between the 
evaporator and the C.C (thermal leakage to the compensation chamber); a less 
heat conductive contact would reduce this effect. Future work: new designs, new 
materials, … 
 The LHP thermal resistance decreases as the heat load increases, ie the LHP 
exhibits a better performance at high thermal loads (obviously if the increase in 
the evaporator temperature does not exceed the source's limit value). The value 
of this is 0.15ºC / w. 
 As far as the refrigerant charge is concerned, the allowed range of refrigerant 
charge is set for the LHP. The maximum and minimum load limits are 
determined according to safety and operating criteria. 
 Within the allowable refrigerant charge range, it turns out that when the heat 
load is high the LHP behaves better with a higher refrigerant charge (lower 
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operating temperature). Also, when the thermal load is lower, then it is advisable 
to lower the refrigerant load. The refrigerant charge selected for the application 
is 22gr of methanol. 
 Regarding the condensing temperatures, it turns out that the LHP tested here 
performs correctly for any of the two condensing temperatures. In both cases 
LED temperature (100ºC) is below its limit temperature (125°C). 
 It has been manufactured an LHP able to cool down a 80w LED (temperature 
below its limit value) working under any ambient temperature (within a range of 
temperatures) has been obtained. It presents a 10% improvement with respect to 
a similar LHP but with a powder sintering wick. SLM technology is interesting 
in terms of improving the LHP's operation  (more efficient). 
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6.1-Conclusions 
 Nowadays, electronics evolves towards smaller devices and components with 
greater operation capacity and so with greater heat generation (heat density). This 
heat increase together with components miniaturization make cooling needs 
increase and therefore their power consumption. At present, temperature is the 
limiting factor in the miniaturization of electronic components. That is why thermal 
management research is going to more efficient and smaller cooling systems able to 
fulfil current needs of the electronics. As an illustrative example of the weight of 
cooling system's power consumption over total operating power consumption, the 
EMERSON's study is shown, figure C.1. 38% of power consumption is used by the 
cooling system. 
 
Figure C.1:. Thermal analysis of a 450m2 data centre (Courtesy of EMERSON) 
 The same study shows that a reduction of the components electrical consumption 
by 1W leads to 2.84W reduction in the overall consumption of the high computing 
centre. However, reducing 1W the component power consumption requires, among 
other things, the heat extraction to be as efficient as possible in order to keep the 
component's operating temperature as low as possible. For example, in a 
thermoelectric module a temperature drop reduction means a conversion power 
increase; regarding LED lighting it means light quality improvement.  
 One of the cooling technologies aligned with the above needs (more efficient and 
reduced size) are the Loop Heat Pipes "LHP", an evolution of the traditional "HPs", 
Heat Pipes. These have got a high cooling capacity while presenting a very small 
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size. Thus, preventing the constriction thermal resistance that appears in 
conventional cooling systems due to the heat re-routing from the source to the 
heatsink.  
 LHPs are passive elements, whose functionality falls on: a porous element "wick" 
which pumps the refrigerant at the speed that the application requires (heat 
evacuation) and a refrigerant (maintains the operating temperature taking advantage 
of its change of phase), among others, to avoid heat source overheating.  
 Wick performance is characterized by: load curve and permeability, basically. 
Depending on the technology used these porous media structure varies and 
consequently its functionality. After comparing the results obtained for different 
manufacturing technologies, it turns out that the manufacturing process by 3D laser 
printing, "SLM", provides the best wick performance, consequently is the method 
used to manufacture the LHP primary wick. Pumping capacity is 15%, 20% and 
200% higher than that for copper sintering, meshes and foams respectively. As 
regards permeability and for a constant porosity of 60%, the wick made by SLM 
presents a permeability 8% higher than that of the foam and well above that of the 
sinter.  
 A LHP's stationary numerical model has been developed together with a 
mathematical definition of the heat transfer coefficient towards the compensation 
chamber. Coefficient that allows to determine, depending on the geometric design 
and materials, the thermal leakage from the evaporator to the compensation 
chamber unlike most of the static models that consider this parameter a value 
manually introduced by the user what requires the a deep thermal knowledge by 
him. The model developed here does not require any knowledge on these subjects 
by the user, since this is implicitly calculated by the model in function of purely 
geometric and operational parameters, giving it a greater simplicity of handling. 
 Model validation shows a very good correspondence with the experimental values 
(less than 4% of drift) and therefore its validity to be used in the LHP's stationary 
state design.  
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 Thanks to the model, it can be checked the effect of certain parameters on the 
LHP's operating temperature, in this sense:  
 Both the condensing temperature and the vapour line length directly 
affect the operating temperature, ie as they increase, so does the 
operating temperature.  
 There is a pipe radius below which the operating temperature is 
inversely proportional to the pipe radius, ie if the radius increases the 
operating temperature decreases exponentially. However, from this 
radius, the temperature variation is almost zero.  
 Regarding the condensing temperature, the model detects an atypical 
behavior for condensing temperature values below a specific one. 
Value that depends on the geometric characteristics, materials and 
operating conditions (heat load). It turns out that, for values of 
condensing temperature below the singular one, a decrease in the 
condensing temperature supposes an increase in the operating 
temperature. This, in turn, is reflected in an increase in the percentage 
of the heat load leaking from the evaporator to the compensation 
chamber and thus a decrease in the cooling capacity. 
 An LHP has been developed and tested, the primary wick of which has been 
developed using 3D laser printing technology, "SLM" (better performance than 
any other direct technology). Device, intended for the cooling of a LED 
luminaire (80w and maximum temperature 125ºC). 
 Regarding the secondary wick (wire mesh wound 3 turns), its refrigerant 
transport capacity and its maximum length are determined. In this case, this 
length is well above the connection length between compensation chamber and 
evaporator. 
 The results show an inverse behaviour of the operating temperature with respect 
to the condensing temperature, the lower the condensing temperature the greater 
the operating temperature. This is a consequence of the LHP design (thermal 
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leakage to the compensation chamber); a less thermal conductive contact would 
reduce this effect. Future work: new designs, new materials, ... 
 The LHP thermal resistance decreases as the heat load increases, ie the LHP 
exhibits a better performance at high heat loads (obviously if the increase in the 
evaporator temperature does not exceed the limit value of the source). This value 
is 0.15ºC/w 
 As far as the refrigerant charge is concerned, the allowed range of refrigerant 
charge is set for the LHP. The maximum and minimum load limits are 
determined according to safety and operating criteria. 
 Within the allowable refrigerant charge range, it turns out that when the heat 
load is high the LHP works better (lower operating temperature) with a higher 
refrigerant charge. When heat load is low, then less coolant charge is advisable. 
The refrigerant charge selected for the application is 22gr of methanol. 
 It has been manufactured an LHP able to cool down a 80w LED (temperature 
below its limit value) working under any ambient temperature (within a range of 
temperatures) has been obtained. It presents a 10% improvement with respect to 
a similar LHP but with a powder sintering wick. SLM technology is interesting 
in terms of improving the LHP's operation (more efficient). 
 
6.2-Future works 
 Improve the current steady state model to be able to simulate LHP with multiple-
condensers. Increasingly, LHP applications require more than just one 
condensing zone to fulfil the varying operating conditions the application is 
subjected to.  
 Develop a transient state LHP model from the current steady state model. 
 Development and characterization of primary wick with multiple porosity to 
increase their capillary pumping capacities. 
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Annex 1-Nomenclature 
 
Tc        Peltier pellet hot side temperature  [K] 
TF        Peltier pellet cold side temperature  [K] 
I          Electric current  [Amper] 
QP       “pn” junction heat  [W] 
Q         Peltier pellet heat/cold   [W] 
COP    Coefficient of Performance  
l          “p” or “n” semiconductor length  [m] 
lc         “pn” contact thick  [m] 
Z         Figure of merit [K-1] 
Popt      Power conversion of Peltier pellet  [W] 
R         Electric resistance of Peltier pellet  [Ω] 
r          Thermal conductivity ratio of a Peltier pellet [W/m K] 
n         Electric resistivity ratio of a Peltier pellet [Ω•m] 
ΔT      Temperature difference   [K] 

Q         Heat power   
[W] 
A        Heat exchanger base surface  [m2] 
A’       Heat source contact area   [m2] 
T         Temperature    [K] 
R         Thermal resistance   [ºC/W] 
h         Convective heat transfer coefficient  [W/m2K] 
K        Thermal conductivity  [W/mK] 
V

       Fluid velocity   [m/s] 
         Fluid density  [Kg/m3] 
CP        Specific heat   [KJ/KgK] 
CE             Macroscopic inertial coefficient  [m-1] 
u              Darcy velocity  [m/s] 
PU

           Velocity at porous scale   [m/s] 
P               Pressure  [Pa] 
r               Pore radius  [m] 
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ΔPC         Capillary pressure   [Pa] 
g              Gravity  [m/s2] 
t                Time  [s] 
mc             Absorbed liquid mass  [Kg] 
V              Volume  [m3] 
Afs             Porous media wetted surface  [m2] 
KK             Kozeny constant dimensionless 
n               Number of tubes  
d               Pore diameter  [m] 
K               Permeability  [m2] 
D              Pipe diameter   [m] 
LHP         Loop Heat Pipe  
G              Thermal conductance [W/mK] 
f                Friction coefficient dimensionless 
Rug           Rugosity dimensionless 
φ                 Wettability  
TC             Transport capacity   [W.m] 
 
Greek Symbols  
αab       Seebeck coefficient   [V/K] 
πab       Peltier coefficient   [W/Amp] 
λ         Semiconductor ‘s thermal conductivity  [W/mK] 
λC        Thermal conductivity of “pn” contact  [W/mK] 
          Semiconductor’s electric resistivity  [Ohms.m] 
C        Electric resistivity of “pn” contact  [Ohms.m] 
ε           Porosity dimensionless 
σ           Liquid surface tension   [N/m] 
θ           Contact angle [º] 
            Tortuosity dimensionless 
µ         Fluid viscosity  [Pa.s] 
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Subscript  
P                   Peltier “pn” junction  
F                   Cold  
amb              Ambient  
int                 Hot surrounding  
frig               Refrigeration  
base              Base  
superf           Surface  
conv             Convection  
P                   Porous scale  
l                    Liquid  
v                   Vapor  
eff                Effective  
s                   Solid  
e                   Evaporator  
mez              Fluid mixture (vapour + liquid)  
x                   Vapour quality   
fric               Friction  
c                   Condenser  
satPv            Saturation condition at Pv  
e_cc             Evaporator-C.Chamber  
w                  Wick  
cc                 Compensation chamber  
can                Grooves  
λ                   Evaporation at meniscus interface  
sub                Sub-cooling  
fa                  2nd wick heat leakage  
v-l                Vapour-liquid interface  
in                  Inlet  
out               Outlet  
perd              Leak  
Lf                 Liquid line outlet  
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Figure 1.1: Moore law       (page: 2) 
  
Figure 1.2: More than Moore law      (page: 3) 
 
 
Figure 1.3: Seebeck effect       (page: 4) 
 
Figure 1.4: Peltier effect        (page: 5) 
Figure 1.5: Arrangement of semiconductors junctions type “p-n”.  (page: 6) 
 
 
Figure 1.6: Effect of ΔT on both COP and cooling capacity of a thermoelectric pellet  
          (page: 8) 
 
Figure 1.7: Open circuit voltage and maximum power for a typical TEG. (page: 8) 
 
 
Figure 1.8 Peltier pellet COP as a function of temperature difference between hot and 
cold heat dissipaters        (page: 9) 
 
 
Figure 1.9: LED sketch       (page: 10) 
 
Figure 1.10 Example of LED integration     (page: 11) 
 
 
Figure 1.11 LED’s luminosity-optics decrease with temperature.  (page: 11) 
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Figure 1.12 Estimated life for a Philips Luxeon K2 LED as a function of the 
temperature and for different power currents. Courtesy of Philips.  (page: 12) 
 
Figure 1.13: Sketch of a LED assembly     (page: 13) 
 
 
Figure 1.14: Thermal analysis of a 450m2 data center.   (page: 14) 
 
 
Figure 1.15: Cascade effect of the component’s consumption reduction on the global 
consumption.         (page: 14) 
 
Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO 
thermal superconductor device with   Dpto. INGENIERÍA MINERA Y METALÚRGICA 
multicondensers   Y CIENCIA DE LOS MATERIALES 
 
134 
Figure 2.1: Temperature distribution on a “L” width heat sink base surface  
          (page: 21) 
 
 
Figure 2.2: Effect of eccentricity on the heat source temperature  (page: 22) 
 
 
Figure 2.3: Straight fins radiator drawing      (page: 24) 
 
 
Figure 2.4: Effect of fin spacing on thermal resistance and pressure loss. (page: 25) 
 
 
Figure 2.5: Effect of fin thickness on thermal resistance and pressure loss.  (page: 25) 
 
Figure 2.6: Effect of fin height on thermal resistance and pressure loss. (page: 26) 
 
 
Figure 2.7: Triangular fin’s dimensions used for analysis   (page: 28) 
 
Figure 2.8: Distribution of the temperature along the fin, from the base to the tip being 
W = 10mm. A) CFD case; B) Finstudy case.    (page: 30) 
 
 
Figure 2.9: Effect of fin width on efficiency.    (page: 30) 
 
Figure 2.10: Fin’s surface temperature; A) L = 50 mm; B) L = 70 mm; C) L = 100 mm. 
          (page: 31) 
 
 
Figure 2.11: Surface temperature distribution; A) rectangular fin, b) triangular fin.    
          (page: 32) 
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Figure 3.1: LHP scheme with detail of the location of the wicks or porous media.      
          (page: 37) 
 
 
Figure 3.2: Wick performance      (page: 38) 
 
Figure 3.3: Intermolecular forces.      (page: 38) 
 
 
Figure 3.4: SEM image of an aluminium metallic foam.   (page: 39) 
 
 
Figure 3.5: Image of stainless steel structures manufactures by SLM. (page: 39) 
 
 
Figure 3.6: Pressure variation with height     (page: 43) 
 
 
Figure 3.7: Capillary pumping measurement equipment.   (page: 45) 
 
 
Figure 3.8: Pumping curve for nickel powder sintering, 2.5μm diameter particles, 59% 
porosity, distilled water.       (page: 46) 
 
 
Figure 3.9: Nickel-water adjustment curve.     (page: 47) 
 
 
Figure 3.10: Porous media permeability equipment    (page: 49) 
 
 
Figure 3.11: Linear relation of pressure loss with temperature (Darcy law)  (page: 50) 
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Figure 3.12: Differences between the two types of silica gel using two different liquids: 
water and methanol.        (page: 52) 
 
 
Figure 3.13: a) forward slope "α"; b) forward slope "β"; c) percentage of descent of 
slope "α" with respect to slope "β".      (page: 54) 
 
 
Figure 3.14: Detail of 60μm mesh, 160μm and 300μm pitch.  (page: 54) 
 
 
Figure 3.15: Mesh Sample       (page: 55) 
    
 
Figure 3.16: Pumping curve for stainless steel mesh of different pitch: 60, 200 and 300. 
          (page: 55) 
 
 
Figure 3.17: Drop the absorbed mass to increase pitch size.  (page: 56) 
 
Figure 3.18: Pumping curve for copper powder sintering.   (page: 57) 
 
Figure 3.19: Drop the absorbed mass to increase pore size   (page: 57) 
 
 
Figure 3.20: a) form of the escaffol; b) fine capillary, 90μm; c) thick capillary, 180μm.. 
          (page: 58) 
 
Figure 3.21: Pumping curve for scaffold of stainless steel and methanol for two sizes of 
capillary.         (page: 58) 
 
 
Figure 3.22: SLM compared to sintering for a similar pore size.  (page: 59) 
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Figure 3.23: Darcy law for a 30ppi ceramic foam structure and water. (page: 60) 
 
 
Figure 3.24: Permeability as function of pore size with water as fluid. (page: 61) 
 
 
Figure 3.25: Darcy law for a 95µm pore size cupper sintering.   (page: 62) 
 
 
Figure 3.26: Permeability versus pore size in a cupper powder sintering, water as fluid 
          (page: 62) 
 
Figure 3.27: Darcy law for a SLM escaffol of 90µm capillary.  (page: 63) 
 
 
Figure 3.28: Permeability versus capillary size of the Escaffol-SLM, water as fluid.  
          (page: 63) 
 
 
Figure 3.29: Comparison of permeabilities for an identical pore size of approximately 
90μm.           (page: 64) 
 
Figure 3.30: Comparison of permeabilities for an identical porosity 60% (page: 65) 
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Figure 4.1: LHP diagram showing the constituent elements.  (page: 71) 
 
 
Figure 4.2: General heat flux directions     (page: 73) 
 
 
Figure 4.3: Heat flux through the evaporator    (page: 74) 
 
 
Figure 4.4: Thermal conduction scheme.     (page: 75) 
 
 
Figure 4.5: Condensing process      (page: 82) 
 
 
Figure 4.6: Algorithm of calculation.     (page: 83) 
 
 
Figure 4.7: Some dimensions of the experimental LHP   (page: 85) 
 
 
Figure 4.8: Experimental test bench      (page: 85) 
 
 
Figure 4.9: Comparison between the predicted and experimental LHP operating 
temperature as a function of the heat load. 25ºC condensing temperature.   (page: 86) 
 
 
Figure 4.10: Comparison between the predicted and experimental LHP operating 
temperature as a function of the condensing temperature. 60w heat load.   (page: 86) 
 
 
Figure 4.11: Pearson's correlation coefficient squared for both two trials.    (page:87) 
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Figure 4.12: Dependence of operating temperature with radius, steam line length and 
wick thickness.        (page: 88) 
 
 
Figure 4.13: Operating temperature vs tube radius for a condensation temperature of Tc 
= 20 ° C for a length of steam pipe of a) lv = 0.1m, b) lv = 0.2 m and c) lv = 0.3 m. 
          (page: 89) 
 
 
Figure 4.14: Operating temperature vs condensing temperature, Lv=0.2m, QL=60w 
          (page: 90) 
 
 
Figure 4.15: Operating temperature vs condensing temperature, critical radius = 1.5 10-
3 m; Lv=0.2m         (page: 90) 
 
 
 
Figure 4.16: Heat leak to the C Chamber vs condensing temperature. Pipe radius = 1.5 
10-3 m          (page: 91) 
 
 
Figure 4.17: Operating temperature vs tube radius for a tube length "Lv = 0.2m" and 
condensing temperatures: a) Tc = 10 °C, b) Tc = 20 °C and c) Tc = 30 °C.    (page: 91) 
 
 
Figure 4.18: Latent heat and leakage heat (QL = 80w) depending on the radius of the 
tube and the length of the vapor tube for three different condensing temperatures: a) Tc 
= 10 °C, b) Tc = 20 °C and c) Tc = 30 °C     (page: 93) 
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Figure 5.1: SLM 3D additive process. Courtesy of LORTEK  (page: 100) 
 
 
Figure 5.2: a) Primary kick external appearance, b) internal passages (page: 100) 
 
 
Figure 5.3: Porous media permeability equipment    (page: 101) 
 
 
Figure 5.4: Pressure/Velocity curve for the 90µm escaffol   (page: 102) 
 
Figure 5.5: Drop evolution. a) drop of water after 1 minute; b) acetone drop after 1 
second; c) methanol drop after 1 second.     (page: 103) 
 
 
Figure 5.6: A) water rise after 5 minutes) acetone rise after 1 second; C) methanol rise 
after 1 second.        (page: 104) 
 
 
Figure 5.7: Liquid rise curve       (page: 104) 
 
 
Figure 5.8: Thermal conductivity equipment    (page: 106) 
 
Figure 5.9: Stainless steel mesh image     (page: 107) 
 
 
Figure 5.10: Temperature drop in the primary wick because of thermal imbalance. 
          (page: 108) 
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Figure 5.11: “TC” test for the secondary wick   (page: 108-109) 
 
 
 
Figure 5.12: LHP test bench       (page: 110) 
 
Figure 5.13: Start at 35ºC ambient for different thermal loads: a) 57 W; b) 120 W. 
         (page: 112-113) 
 
 
Figure 5.14: Operating temperature as a function of thermal load and the refrigerant 
charge. 
          (page: 115) 
 
Figure 5.15: Temporal evolution of LHP temperatures; a) 25 ° C; b) 35 ° C.  
         (page: 116-117) 
 
 
Figure 5.16: Evolution of the LHP operating temperature with the thermal load and the 
condensing temperature.       (page: 117) 
 
 
Figure 5.17: LHP thermal resistance as a function of heat load and condensing 
temperature         (page: 118) 
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Annex 3-Tables 
 
Table 1.1: Physical properties of a commercial Peltier pellet  (page: 8) 
 
Table 2.1: Fin length effect on the heat dissipation    (page: 31) 
 
Table 3.1: Properties of Silica gel sheets.     (page: 51) 
 
Table 3.2: Metallic mesh characteristics.     (page: 54) 
 
Table 3.3: Characteristics of sintered powder copper samples  (page: 56) 
 
Table 3.4: Pore size and porosity of 30, 40, 50 and 80 ppi foams  (page: 60) 
 
Table 4.1: Input data        (page: 84) 
 
Table 4.2: Geometric characteristics of LHP's prototype.   (page: 84) 
 
Table 4.3: Combination of parameters allowing Te <70 ° C.  (page: 92) 
 
 
Table 5.1: Technical specifications for the 280 HL printer.   (page: 99) 
 
Table 5.2: Wick’s contact angles for three liquids.    (page: 105) 
 
Table 5.3: Characteristics of the equipment.     (page: 111) 
 
Table 5.4: Characteristics of the LHP’s components.   (page: 111) 
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Table 5.5: Effect of the thermal load on the temperature of the LHP operation. Methanol 
as refrigerant.         (page: 115) 
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Annex 4-Refrigerants properties 
 
A4.1 Thermodynamic properties of Water 
P-V diagram 
 
 
Saturation properties as a function of temperature 
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Thermal conductivity vs temperature 
 
 
Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO 
thermal superconductor device with   Dpto. INGENIERÍA MINERA Y METALÚRGICA 
multicondensers   Y CIENCIA DE LOS MATERIALES 
 
146 
A4.2 Thermodynamic properties of Methanol 
P-V diagram 
 
Saturation properties as a function of temperature 
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Thermal conductivity vs temperature 
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A4.3 Thermodynamic properties of Acetone 
P-V diagram 
 
Saturation properties as a function of temperature 
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A4.3 Thermodynamic properties of Butane 
P-V diagram 
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Saturation properties as a function of temperature 
 
Thermal conductivity vs temperature 
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A5.1 Porous Media analysis 
A5.1.1-Effect of wettability on heat conduction in a porous medium 
A previous step to the development of a two-phase heatsink has been the empirical 
measurement of the effect of having the porous medium wet or not on its temperature. 
Two experiments were carried out on porous structures. These are: 
  Wet porous media  
  Dry porous media 
Porous media materials are: 
 20m diameter carbon fibre blanket arranged longitudinally and transversely. 
 20m diameter glass fibre blanket arranged longitudinally and transversely. 
Water is the wetting liquid used in the experiments. 
In order to carry out such experiments, it was necessary to build a test bench that would 
allow monitoring of all parameters of interest: heat flow, temperatures, liquid level, etc, 
... 
Test bench consists of an electrical resistance embedded in a rectangular aluminum 
plate of dimensions 165x25x200mm and capable of supplying 800w power, figure 
A5.1. 
 
Figure A5.1: Heat power source for the test bench 
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Tests methology 
First of all the input and otput parameters are defined, table A5.1 
Table A5.1: Test parameters 
 Definition 
Operating 
conditions 
Heat power 
Material 
Water as wetting liquid 
Output 
unknown 
Height of liquid rise 
Sample’s Surface temperature 
Heater’s Surface temperature 
Ambient temperature 
 
These tests intend to measure: 
  Sample’s thermal resistance variation due to whether it is wetted or not. 
  The influence of the liquid level on the sample's  thermal resistance. 
Test methodology is as folow: 
 Placing the material (carbon or glass fiber) on an aluminum foil. 
 Placing temperature probes along the sample surface. 
 Placing the aluminum foil over the heater. 
 Placing the bottom end of the aluminum foil into the liquid. 
 Switching on the infrared camera and the heater and start measuring, figure A5.2 
 
Figure A5.2: Test bench  
Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO 
thermal superconductor device with   Dpto. INGENIERÍA MINERA Y METALÚRGICA 
multicondensers   Y CIENCIA DE LOS MATERIALES 
 
154 
 
Results 
Wet or dry 
For the carbon fibre sample, the result is plotted in figure A5.3. 
 
 
 
 
 
 
 
 
 
Figure A5.3: Sample thermal resistance and infrared image  
For the following test conditions: 
Heat power:   0,59  [Kw/m2] 
Ambient temperature: 19  [ºC] 
Sample porosity:  52  [%] 
Sample permeability: 5,25E-09  [m2] 
Material:   3 layers carbon fibre 
As expected (Fig. A5.3), the overall thermal resistance of the medium is considerably 
reduced (83.8%) compared to dry, which demonstrates its benefit as heat dissipation 
system. 
Wet or dry 
Under the same testing conditions, the effect of the height of liquid on the sample 
thermal resistance is plotted in figure A5.4. 
 
Figure A5.4: Height liquid effect on sample thermal resistance  
As the liquid height increases, the sample thermal resistance decreases. 
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A5.1.2-Capillary action 
Table A5.5 shows the maximum water height pumped by different porous media. 
 
Figure A5.5: Water height for several porous media  
 
The tested liquids area: wter, Methanol, Acetone and Butane. The porous media are: 
Material Characteristics 
Carbon fibre (F.Carbono)  52% porosity, 3 layers 
Glass fibre (F.Vidrio)  52% porosity, 3 layers 
Copper mesh N70 (M.CobreN70) 0.232mm pitch, 41% open area 
Copper mesh N350 0.022mm pitch, 25% oper area 
Stainless steel mesh N350 (M.AInoxN350) 0.04mm pitch, 28% open area 
Copper powder sintered 40 (P.C.Sint.40) 40 µm powder diameter  
Copper powder sintered 60 (P.C.Sint.60) 60 µm powder diameter  
Copper powder sintered 70 (P.C.Sint.75) 75 µm powder diameter  
Copper powder deposeted 40(P.C.Dep.40) 40 µm powder diameter  
Copper powder deposeted <0.1 (P.C.Dep.<0.1) <0.1 µm powder diameter  
Copper powder deposeted >0.1(P.C.Dep.>0.1) >0.1 µm powder diameter  
Beach sand <200 (arena de playa<200) <200 µm powder diameter 
Beach sand >200 (arena de playa>200) >200 µm powder diameter 
Filter 204 (P.Filtro204)  
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Filter 205 (P.Filtro205)  
Filter 556 (P.Filtro556)  
Filter 559 (P.Filtro559)  
Bed of graphite flakes (Escamas de Grafito 
MEDIO) 
 
Crystalline graphite (Grafito cristalino)  
Carbon blanket  
Sand bar (Barra arena)  
Silicone (pieza de silicato)  
Alumina CB115 (P.F.Alumina Cb115)  
Alumina 1400 compound (P.F.Alumina 
1400comp) 
 
Alumina 1400 normal (P.F.Alumina 1400norm)  
 
According to these results, water+<200µm beach sand is the conbination that a higher 
liquid rise generates. It is also obseved how important the combination material+liquid 
is. There are combinations that are not compatible at all as there is not liquid rise in 
them (not wetting combination). For the case of Metanol and Butane the Alumina 
CB115 presents a high liquid rise. 
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A5.2 Prototypes of two phase heat transfer devices 
This prototype of two-phase heat transfer device aims to drive heat from a room to the 
Pelteir pellet cold side, figure A5.6. 
 
 
 
 
 
 
 
 
 
 
 
Figure A5.6: Prototype operation  
 
A5.2.1-Dimensions 
The following parameters are analysed prior defining the real prototype dimensions: 
 
• Height. This data is given by the maximum height the different porous media 
can provide, section A5.1.2.  
• Width. Although it could be thought that the wider the device is the greater the 
heat transfer (lower the thermal resistance) the reality is that this is not so due 
to the ratio of Peltier surface to the absorbent surface. This ratio generates the 
denominated resistance of constriction that is greater the smaller this quotient. 
After a short calculus a suitable width of 160mm is considered. 
• Length (internal gap of the device and wall thickness). First of all, the wall 
thickness effect on the thermal resistance was analysed. Figure A5.7 shows 
temperature along the Peltier surface for three wall thicknesses: 2, 4 and 
10mm. Data obtained by means of CFD simulations. It is observed that the 
thicker the wall the more unifor the temperature along the Peltier surface is. 
From this data and the temperature difference between absrobent surface and 
the Peltier surface the thermal resistance is calculated, figure A5.8. 
 
 
 
QF
.
QC
.
Peltier 
Two-Phase 
device 
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Figure A5.7: Temperature distribution along the Peltier surface, red line  
 
 
Figure A5.8: Thermal resistance versus wall thickness  
From plot A5.8, it is concluded that the optimal value is close to 4-5mm. 
Same simulations but varying (6 and 12 mm) the internal gap of the device are 
run with the results plotted in figure A5.9. 
 
 
 
 
 
 
 
 
 
 
Figure A5.9: Vapour velocity inside the device for 12mm and 6mm gap respectively 
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Peltier 
Because this higher velocity for the 12mm gap, larger convective heat transfer 
coefficient, it is concluded that the optimal value for the gap is around 10-
12mm 
 
• Peltier position, eccentricity. 
Until now, Peltier has been considered to be placed at the top, however is it the 
best position in terms of heat trasnfer resistance?. To answer this question a 
theroretical analysis ir done. Upper and centre positions are estudied with the 
results shown in figure A5.10. 
 
 
 
 
 
 
 
 
 
 
Figure A5.10: Temperature inside the device for the two Peltier positions, apper and centred respectively 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A5.11: Vapour velocity inside the device for the two Peltier positions, apper and centred 
respectively 
Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO 
thermal superconductor device with   Dpto. INGENIERÍA MINERA Y METALÚRGICA 
multicondensers   Y CIENCIA DE LOS MATERIALES 
 
160 
As you can see there is a greater circulation path in that configuration with the 
Peltier in the upper position. This means, a priori, a greater use of the exchange 
surface (absorption surface) and therefore a lower thermal resistance. 
Thus it is concluded that the Peltier is placed on the top of the device. 
A5.2.2-Real prototypes tests 
• Prototype characteristics. 
 Prototype 
1 2 3 4 5 6 7 
External 
dimensions 
250x180x30 
mm. 
S = 0.042 m2  
S’=0.0016 m2 
208x173x22 
mm. 
S= 0.036 m2  
S’=0.0016 m2 
208x173x22 
mm. 
S= 0.036 m2;   
S’ = 0.0016 m2 
250x180x30 
mm. 
S =0.042 m2; 
S’ = 0.0016 m2 
250x180x30 
mm. 
S = 0.042 m2  
S’=0.0016 m2 
250x180x30 
mm. 
S = 0.042 m2  
S’=0.0016 m2 
120x230x100 
mm. 
S = 0.036 m2  ;   
S’ = 0.0025 m2 
Internal 
dimensions 
16mm 
internal gap 
10mm Wall 
thickness;  
10mm 
internal gap 
4mm Wall 
thickness 
10mm internal 
gap 
4mm Wall 
thickness 
16mm internal 
gap 
10mm Wall 
thickness 
16mm internal 
gap 
10mm Wall 
thickness 
16mm 
internal gap 
10mm Wall 
thickness 
10mm internal 
gap 
4mm Wall 
thickness 
Material 
container 
Aluminium Methacrylate 
and 
Aluminium 
Aluminium 
with straight 
fins in the 
condensing 
surface 
Aluminium Aluminium Aluminium Aluminium 
Working 
liquid 
Methanol 
16gr, 
pressure 1atm 
at room 
temperature 
Butane 16gr 
pressure 1atm 
at room 
temperature 
Butane 16gr 
pressure 1atm 
at room 
temperature 
Butane 16gr 
pressure 1atm 
at room 
temperature 
Butane 16gr 
pressure 1atm 
at room 
temperature 
Butane 16gr 
pressure 1atm 
at room 
temperature 
Butane 16gr 
pressure 1atm 
at room 
temperature 
Porous 
media 
12µm 
diameter 
copper 
powder; 35% 
porosity  
Silicone 
fibre BC115 
Silicone fibre 
BC115 
Silicone fibre 
BC115 
8µm diameter 
copper powder 
8µm 
diameter 
copper 
powder plus 
internal 
grooves 
Silica gel 
ALUGRAM 
Nano-Sil G 20x 
Peltier 
Voltage 
9.8 V 10V 10V 10V 10V 10V 10V 
 
 
 
 
 
 
 
 
 
 
Figure A5.12: Picture of prototype 1 
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Figure A5.13: Picture of prototype 7 
Experimental tests showed that the prototype thermal resistance was improved as new 
changes were introduced to the first prototype. This trend was so until the last change, 
prototype 7, when thermal resistance got larger than the previous prototype, figure 
A514.  
 
Figure A5.14: Thermal resistance of each prototype 
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